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Room-Tcmpcraturc Dipolc-Fcriomagnctism In Lincar-Sclf-Asscmbling Mcsoscopic Fc Particle Arrays 

Magnetic particle systems arc ideal for studying interactions and phase transitions [1], and arc also of 
interest for application to high-density magnetic storage devices. Recent experiments in surface and low- 
dimensional magnetism have focused on the properties of surfaces and small particles in order to explore 
the structure and dynamics of interactions at small length scales. Advanced synthesis methods for the 
preparation of transition-metal nanoclustcrs [2], ordered nanoscalc dot-arrays [3], nanostructurcd magnetic- 
networks [4], sub-micron [5] and nanometer width wires [6], and random two-dimensional arrays [7] allow 
new and unusual magnetic phases to be explored. Although thcNcel and Brown [8] theories for relaxation 
in isolated magnetic particles predict relaxation times that arc less than microseconds for 6 nm (bulk- 
anisotropy) diameter Fc particles at room temperature, closely packed mcsoscopic linear arrays can be 
rcmancnt and coercive (ordered) [9]. Long range interactions have been studied by ferromagnetic resonance 
[10], Mössbaucr spectroscopy [9,11], mean field calculations [12] and Monte Carlo simulations [7]. 
Identifying the mechanism underlying the interactions is facilitated by the preparation of 3d-transition metal 
islands in and on insulators like SiO, [10], MgO [10] and CaF, [7J. which guarantees that particles do not 
couple through electronic states in the substrate. Here, we report on the observed and computed magnetic 
properties in linear self-assembling arrays of nanometer diameter Fc particles. The formation of linear 
arrays intrinsically breaks the symmetry in the interaction hamiltonian, thereby stabilizing long range order. 
Self-assembly [6,13] is used to form rows of closely packed (2.1 x lO'VcnV) nanometer diameter Fc islands 
on an amorphous, insulating substrate (SiO). Self-assembly [13] facilitates the fabrication of macroscopic (3 
mm x 3mm) arrays, which would take prohibitively long to define using an electron-beam or scanning- 
tunneling microscope-based lithography [e.g. 3]. The Fc island radius, island density, the width and 
separation of the linear island arrays can be varied experimentally in the self-assembled growth process for 
exploring new magnetic phases. Here, wc demonstrate how particle diameter in linear magnetic island 
arrays can be varied to establish a dipolc-induccd ferromagnetic state above room temperature. 

The linear self-assembling arrays of nanometer diameter Fc particles arc prepared in UHV (2.0 x 
10'"' mbar). A polished and H,0-ctchcd single crystal of NaCl (110) is annealed in situ. Regular (nano) 
grooves result when {100} planes form (facet). This reduces the surface free energy by reducing the area of 
high-energy (110) planes [13]. The spacing of the grooves is a function of the annealing temperature and 
time. Ten minutes of annealing at 380°C produce an average trough-to-trough groove spacing of 40 nm. The 
Fc islands should be randomly oriented and polycrystallinc since the goal is to examine the influence of the 
geometrical particle alignment independent of any intrinsic spin-orbit-induccd crystal fields. This is 
accomplished by coating the NaCl surfaces with an amorphous SiO layer; SiO prevents any epitaxial 
alignment between the Fc islands and the single crystal NaCl. Fc was deposited from an electron-beam 
evaporator aligned 70° off the template normal. Wc show results from three different nominal Fc 
thicknesses (t = 0.3, 0.6, 1.0 nm) grown at a rate of 0.03 nm/min (normal to the terraces) on a substrate 
heated to I90°C (thickness as defined in ref. [7]). Fc adatoms agglomerate on SiO in a three-dimensional 
nuclcation and growth mode, where the elevated temperature decreases the nuclcation density and liquid- 
like coalescence is enhanced. The Fc islands are expected to nucleate in the narrow bands exposed to the Fc 
flux, which here comprise 27% of the ridgc-to-ridgc distance (10 nm). After Fc deposition, the surface was 
covered with a 10 nm SiO passivation ovcrlaycr. 

The magnetic properties of the arrays were measured ex situ at room temperature using the 
longitudinal magneto-optical Kcrr effect [14]. Loops were taken along the easy direction, along the wire 
array, and perpendicular to the wire array, in the hard direction. Kcrr loop acquisition times were on the 
order of seconds to insure that equilibrium magnetization configurations were measured. Hysteresis loops 
were also computed from Monte Carlo micromagnctics [7] simulations. 

Monte Carlo models were used to evaluate the magnetic properties of the linear arrays as a 
function of particle radius and density [7,15] because the Monte Carlo method rigorously accounts for 
fluctuations. The model employs an all-orders intcrparticlc interaction hamiltonian [7]. Hysteresis loops arc 
calculated by finding an equilibrium magnetization distribution for an externally applied field value. The 
magnetization accumulators arc reset, the external field value changed, and the previous final magnetization 
state is preserved as the initial distribution for the next Monte Carlo cycle. 

The ordering temperature increases with increasing particle diameter as in the 2-dimcnsional random 
array case [7]. Increasing the numbers of lines and changing the particle distribution for alternative random 



seeds produce a 10% variation in the rcmancncc. In contrast to the 2-dimcnsional case, the linear arrays 
order globally rather than locally. This demonstrates that the linear particle arrays order fcrromagnctically 
due to intcrparticlc magnctostatic dipolc fields. This is solely due to the symmetry breaking in the geometric 
structure of the array. For particles of the appropriate size and proximity, room temperature dipolc 
ferromagnctism can be observed. If only bulk anisotropy were present, the arrays would be 
superparamagnetic at room temperature. Interface anisotropy, which can be orders of magnitude larger than 
volume anisotropy in thin film systems, has no preferred in-plane orientation and thus cannot be responsible 
for the long range order. With typical demagnetization factors of 'A for cylinders in-plane, the stray fields 
external to the particles can be as high as 10 kOc, with stray field decay lengths set by the particle diameter. 
The close proximity of the particles forces neighboring particles to lie in each others (large) stray field 
resulting in long range order. 

[I] D.C. Malhis. The Theory ojrFerromagiwiism // (Springer-Verlag. Berlin. 1985); ILL. Stanley. Introduction To Phase 
Transitions and Critical Phenomena (Oxford University Press. London, 1971). 

[2] C'.P. Gibson, K.J. Putzer. Science, 265, 1338(1995). 
[3] T. Takcshita, Y. Suzuki, II. Akinaga, W. Mizulani, K. Tanaka.T. Kalayama, A. Itoli. Appl. Phys. Lett. 68(21). 3040 (1996); M. 

Helm, K. Ounadjela. J.-P. Buchcr. F. Rousseaux. I). Decanini. 1$. Barlcnlian.C. C'happert. Science, 272.1782 (1996); S.Y. 
Chou, P.R. Krauss, L. Kong, .1. Appl. Phys. 79(8), 6101 (1996); R.D. Gomez, M.C. Shih. R.M.II. New, R.F. Pease and R.L. 
White, J. Appl. Phys, 80,342 (1996); S.Gidar, J.Shi. P.F. Hopkins, K.L. Chapman, A.C.Gossard. D.D. Awschalon, A.D. Kent, 

and S. von Molnar. Appl. Phys. Lett., 69, 3269 (1996). 
[4] .I.A. Barnard, II. Fujiwara, V.R. Inturi. J.I). Jarralt, T.W. Scharf, J.L. Wcslon, Appl. Phys. Lett. 69(18), 2758 (1996). 
[5] A.O. Adeycye, G. LauholT, J.A.C. Bland, C. Daboo. O.G. I lasko. II. Ahmed, Appl. Phys. Lett. 70(8), 1046(1997). 
[6] A. Sugawara, ST. C'oyle, G.G. Hembree and M.R.Scheinfein, Appl. Phys. Lett.. 70(8), 1043 (1997). 
[7] M.R. Scheinrein. K.F.. Schmidt, K.R. Heim, G.G. Hembree , Phys. Rev. Lett, 76(9), 1541 (1996); K.R. Heim, G.G. Hembree, 

K.L. Schmidt and M.R. Scheinfein, Appl. Phys. Lett. 67.2878 (1995). 
[8] L. Ncel. Ann. Gcophys.. 5, 99 (1949); A. Aharoni. Introduction To The Theory O/I'erromagnelism (Oxford Science 

Publications, Oxford, 1996). 
[9] S. Mump, Phys. Rev. Lett. 72(20), 3278 (1994); S. Morup. G. Christiansen. .1. Appl. Phys. 73( 10). 6955 (1993); S. Morup, 

Hypcrfine Int. 60, 959(1990); S. Morup, P.I I. Christensen, U.S. Clausen, .1. Mag. Mag. Mai. 68. 160(1987); S. Morup, M.B. 
MadsenJ. Franck, J. Villadsen, C..I.W. Koch, J. Mag. Mag. Mai. 40. 163(1983). 

[10] W-N. Wang. Z-S. Jiang and Y-W. Du, J. Appl. Phys., 78.6679 (1995); S. Malsuo, T. Matsuura. I. Nishida and N. Tanaka, .Ipn. 

J. Appl., 33, 3907 (1994). 
[I I] S. Underfill, L. Balcclls. A. Labarla. J. Tcjada. P.V. Ilendriksen and S.A. Sethi, J. Magn. Magn. Mater., 124,269 (1993). 
[12] M. El-llilo, K. O'Grady and R.W.Chanlrcll. J. Magn. Magn. Maler.. 114,295(1992). 
[13] A. Sugawara, Y. HagaandO. Niltono, J. Magn. Magn. Maler.. 156, 151 (1996). 
[14] Z.J. Yang, M.R. Scheinen, J. Appl. Phys. 74(11) 6810 (1993). 
[15] N. Metropolis, A.W. Roscnbluth, M.N. Rosenbluth, A.I I. Teller, F.. Teller, J. Chem. Phys. 21, 1087(1953). 

Growth of Self-Organized Mesoscopic Magnetic Structures 

Mesoscopic magnetic microstructurcs such as dot and wire arrays arc of fundamental interest in the 
study of coupling and ordering phenomena. From a technological point of view, mesoscopic magnetic 
structures may produce the future topologies for magnetic storage media. For example, three-dimensional 
random particle arrays prepared by co-deposition of magnetic and nonmagnetic materials have good high- 
frequency response and giant magnctorcsistancc [e.g. 1]. The magnetic properties of these structures depend 
strongly on the size and spacing of the particles, the concentration of the magnetic clement, the growth rate 
and the substrate temperature [e.g. 2]. Since heterogeneous magnetic particle composites do not have 
geometrical order, there is no anisotropy in the film plane. However, in-plane anisotropy can be developed 
by controlling the shape and the spacing of the particles such that the magnetic switching which is 
characterized by the subtle balance between anisotropy, self-energy, magnetic coupling between particles, 
and thermal agitation will be well defined. 

Specimens with well-defined in-plane anisotropy resulting from specific mesoscopic, geometrical 
configurations including nanometer size dot and wire arrays have been fabricated by laser-focused atomic 
deposition [3], electron lithography [4] and local chemical decomposition of metal-organic gas with a 
scanned probe [5]. Switching mechanisms in these arrays have been studied by magnetic force microscopy 
[5]. The throughput for producing nanometer size-scale structures with lithographic methods may be low 
[6], and large areas required for studying macroscopic and collective magnetic properties can be difficult if 
not impossible to process. 



In contrast, our approach is based on self-organization: regular patterns arc spontaneously formed in 
a non-equilibrium system, as in the self-assembling preferential nuclcation of hexagonal Co dot arrays on 
the reconstructed Au( III) surface [7]. We use self-assembly through shadow deposition on patterned 
templates, i.e the self-masking caused by large-scale surface features. This is a geometrical effect which 
docs not depend strongly on the deposited material. Our method is similar to that proposed by Shinjo [8] 
who grew a wire array by shadow deposition on a sub-micrometer spaced Si grating that was fabricated by 
lithography and selective etching. By contrast, we prepare grating templates by self-organization on NaCl 
non-clcavagc ((110) or (111)) planes which become facetted and patterned regularly after thermal annealing 
[9]. This method allows 10-100 mn spaced, statistically uniform grooves to be formed across centimeter 
lengths in tens of minutes, though the regularity of the grooves produced by this method is less than that 
produced lithographically. [10] 

We have investigated the relationship between the microstructurc and such growth conditions as the 
annealing temperature of NaCl before deposition, growth temperature and the incident angle of the 
deposited Fc flux, and the effect on the resultant macroscopic magnetic properties. Three types of the 
microstructurc arc described; linear dot arrays, wire arrays, and undulating continuous films. The evolution 
of the microstructurc is explained in terms of nuclcation and coalescence kinetics associated with island 
growth. The magnetization switching processes in these mesostructurcs which is quite different from those 
ascribed to flat, continuous Fc films, arc also described. 

Structures grown on facetted templates include linear arrays of nanometer diameter particles, 
nanowircs with widths of tens of nanometers and lengths of microns or more, and continuous undulating 
thin films. The type of structure produced depends upon the structure and length scales present in the NaCl 
template (L), the incident angle used to deposit the transition metal (q), and the substrate temperature during 
growth (Tg). The NaCl (110) surface sublimes and facets to form (100) and (010) terraces during annealing. 
The depth of the grooves (peak to trough) is Vi the distance between peak tops or groove bottoms (L). The 
surface area of the facetted surface is always sqrt(2) times larger than the original (110) surface. 
Experimentally, wc kept the annealing time constant (10 minutes) and altered the annealing temperature, Ta 

in order to modify the groove spacing (L) between 25 nm (Ta=380°C), 40 nm (Ta=410°C), and 90 nm 
(Ta=440"C). 

The area exposed to the incident Fc flux is determined by geometrical shadowing. The exposed 
terrace is shadowed by the ridge closer to the evaporation source. Since all terraces arc oriented 45" from 
the surface normal, the percentage of the terrace exposed for a given source angle inclination is constant. 
However, the distance between exposed areas and the width of each patch can be controlled by modifying 
the substrate annealing temperature Ta. 

Growth temperature is an important parameter used to define microstructurc. Fc grows on SiO in a 
three-dimensional island growth mode. The initial growth is characterized by the competing atomic 
processes of nuclcation, adatom capture and surface diffusion. A detailed numerical analysis of this process 
has been carried out for the Ag/Gc system. Some of the Fc adatoms diffuse out from the geometrically 
defined flux region, because an adatom concentration gradient is formed at the mask edge. The nuclcation 
density is expected to be extremely low outside the patch due to low adatom concentration. The grooves can 
also be preferential nuclcation sites. In later stages of growth, coalescence of neighboring islands takes 
place. When the growth temperature is high, the round shape of the islands is quickly recovered after two or 
more neighboring islands touch because surface self-diffusion is fast. This might also cause patch 
broadening: extending the growth front outward from the defined flux regions. Thus, by varying the 
separation of the flux-exposed regions through geometrical shadowing, and varying the substrate 
temperature during growth, different nuclcation and growth regimes may be exploited in order to fabricate 
linear dot arrays, nanowircs, and thin, undulating films. 

The processes driving the formation of the linear arrays arc summarized. First, consider the (ideal) 
growth of a single row of islands along an exposed terrace where the island diameter is approximately equal 
to the patch width exposed to the deposited Fe flux. The growth scheme to form a single particle width- 
linear array includes the initial nuclcation of closely spaced islands, adatom capture by existing islands, and 
finally coalescence. In order to grow this type of array, the initial nuclcation density must be in a range 
where the coalesced particles will be well separated. The diffusion length must be long enough to allow 
adatoms to incorporate into existing islands, yet short enough to forbid adatoms from diffusing across the 
ridge or groove to the next terrace exposed to Fc flux. For growth at TS=I90"C, the nuclcation density (>2 
x 10l2cm'2) is maximum where the adatom concentration is maximum. When the initial distance between 



nuclei (< 7 mil) and the initial island diameter (< 2 nm) is smaller than the width of the area exposed to the 
Fc flux, several islands nucleate across the exposed area. During later stages of growth with increased island 
size, neighboring islands come into contact with each other, but at elevated substrate temperatures, surface 
diffusion rounds off the Fc island surfaces quickly enough to reduce the surface-energy penalty caused 
when two neighboring islands arc touching. After each coalescence event, the center of the new island 
resulting from the coalescence is near the center of the joined islands. Islands join and form I-dimensional 
linear arrays through this process. For a specific range of deposited Fc (e.g. / = 1.0 nm or, when exposed 
areas would have a uniform film thickness of 1.0 nm for the close-packed face of bec Fc, (110)), the 
coalesced Fc island diameter (6.7nm) is roughly as wide as the terrace width and the infrastructure 
approaches a 1-dimensional linear particle array. Linear arrays composed of many particles across an 
exposed terrace can be fabricated by terminating the growth at lower coverages, thereby preventing island 
coalescence. 

During growth at elevated temperatures (T,;=I90oC), adatom diffusion is much faster than at room 
temperature. Elevated temperature growth produces adatom concentration profiles that become broader at 
the shadow edge. At elevated temperatures, a small amount of Fc might escape from the flux-exposed zone 
due to the adatom concentration gradient formed at the shadow edge, and condense at the groove bottom. 
Experimentally, this effect appears to be negligible since no islands are observed outside of the area 
exposed to the Fc flux. This observation indicates that when the thickness is small, mostadatoms arc 
captured efficiently by pre-existing islands. 

By contrast, linear arrays of nanowircs can be fabricated using room temperature growth. For slow 
surface diffusion during room temperature growth, the adatom concentration is almost constant in the patch 
exposed to Fc flux. As a result, a high density of islands uniformly nucleates in the patch. The initial islands 
(diameter < 2nm) arc so small that they cannot be clearly resolved by TEM bright-field imaging. Since the 
profile rapidly drops off at the mask edge, the concentration gradient forces a small amount of Fc to escape 
from the patch and condense at the groove bottom. As such, extremely thin wires arc sometimes observed at 
the groove bottoms. After the islands (uniformly) cover the patch exposed to the flux, the arriving adatoms 
arc captured by pre-existing (nucleated) islands. The liquid-like coalescence kinetics arc slow enough that a 
network forms (islands fill in) and with increasing coverage, eventually forms a wire, whose cross-section 
when filled in completely. Wire formation is commonly observed over a wide thickness range for room 
temperature growth. The wire perimeter boundary fluctuates on a size scale determined by the 
polycrystallinc grain size of the individual, coalesced islands. Thus, growth of better wires with sharper 
edges will require deposition of fine-grained or amorphous materials. 

Wire-broadening occurs during high temperature growth (Tg=l90"C) which in the extreme case may 
lead to bridging between adjacent terraces and the formation of continuous undulating films. With 
increasing thickness, the wire morphology is completed through a network structure, however, the faster Fc 
surface self-diffusion causes the wires to broaden. The amount of Fc escaping from the flux-cxposcd patch 
increases causing the ultrasmall wires formed at the bottom of the grooves to be thicker than those formed 
at room temperature. Broadened Fe patches eventually join the wires at the groove bottom causing the 
other side of the terrace (not the flux exposed terrace) to be partially covered. At higher coverages, the lines 
join and form continuous films. Naturally, continuous undulating films can also be trivially fabricated 
through normal incidence evaporation. 
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Magnetic Coupling In Self-Organized Narrow-Spaced Fc Nanowirc Arrays 

Fig. 1 shows a bright field TEM image of the SiO( 10 nm)/Fc wire array( 13 nm)/ SiO (20 nm). The 
wires seen in dark contrast arc formed near the ridges of the grating. The average projected width is 30 nm, 
hence, the real wire width is expected to be 42 nm on facets inclined by 45"from the film normal. The 
standard deviation of the wire width is 18 nm. approximately 40% of the nominal wire width. Some wires 
terminate where terraces arc perpendicular to steps 

Fig. I A bright field image of the SiO( 10 nm)/Fe wire array( 13 nm)/Si()(20 nm) deposited on the stepped NaCI( 110). The wire width 
is 30 nm and the interwire spacing is 90 nm such that the gap between the wires is 60 nm. 

accompanied by a miscut from the exact crystal axis. Most of the wires run through the approximately 3 nm 
field of view shown in Fig. la. The average wire length calculated from the termination density is about 10 
nm. Though the array looks like a network of straight segments of a few nm long, low joint density is 
considered not to affect the magnetic behavior of the array. Since the wire aspect ratio is at least 200, strong 
shape anisotropy is expected. The corresponding electron diffraction patterns showed typical random 
polycrystallinc features. No specific orientation relationship was observed between neighboring crystal 

grains. 
Fig.2 shows longitudinal MOKE loops of the wire array recorded by applying an external field 

parallel (solid) and perpendicular (dotted) to the scattering plane, and rotating the specimens in the film 
plane by 0° with respect to the scattering plane. The angular dependence of the hysteresis loops is 
characteristic of uniaxial Stoncr-Wohlfarth coherent rotation [1]. The specimen shows strong in-plane 
anisotropy when 9=0° and the cocrcivity is approximately 1.8 kOc. When the field is applied perpendicular 
to the wire, an external field of 3 kOc is not large enough to saturate the magnetization. When 6=45°, the 
switching field is minimum at half of the long-axis cocrcivity (Hc-l.lkOe), and a peak is seen in the 
magnetization component perpendicular to the wires (indicated by the arrow in Fig. 2). The open-circle 
loop observed for perpendicular magnetization when 9=80° also indicates that the whole wire array 
switches simultaneously [2]. The long-axis cocrcivity is still lower than that expected for an infinitely long 
uniaxial Fc. The coercive field decreases with decreasing wire thickness (e.g., Hc~1.3 kOe when t = 4 nm). 
Domain wall motion is likely not occurring since significant transverse magnetization components arc 
present during switching. Curling and buckling modes arc known to effectively reduce the switching field in 
the case of uniaxial fine particle systems [3], but these processes arc not accompanied by the perpendicular 
magnetization observed in the Kcrr loops in Fig. 2. 

The extent of the coupling in the wire array was studied using 3-D micromagnctics calculations. 
The code [4] is capable of calculating three-dimensional magnetization distributions for arbitrary shaped 
systems composed of fcrromagncts, antifcrromagncts and metals. The computed 
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Kig. 2: (left) MOKH hysteresis loops acquired while rotating the specimen in the film plane, q denotes angle between the long-axis of 
the wire array and the scattering plane with the field applied in plane. Solid and dotted lines are magnetization components parallel 
and perpendicular to the field, respectively. 

Fig. 3: (right) I lysteresis loops obtained from 3-D mieromagncties simulations lor perfect (a.c.c) and rough (b.d.l") wire arrays 
oriented at 0", 45° and 80°to the field and scattering plane directions. 

hysteresis loops shown in Fig.3 use bulk magnetic properties for Fc (A = 2.1 ^crg/cm, and Ms = 1714 
emu/cm3). No magneto-crystalline anisotropy was included since the orientation of the grains along the 
wires was random. Periodic boundary conditions were employed for a tiled array of 7 individual wires. 
Hysteresis loops for perfect (left) and rough (right) wires oriented at 0°, 45° and 80" from the field and Kcrr 
scattering planes also indicate coherent rotation during switching. The broadened 45° loop is the result of 
pinning at edge defects due to the coarseness of the grid. The coercive field is larger in the computed loops 
as the result of the rectangular cross section for each individual wire. 

The magnetization distribution can be directly examined by electron holography. Fig. 4 shows a 
reconstructed phase image and accompanying line profile from the wire array at zero field. The Fc nanowirc 
contrast is slightly asymmetric as evidenced by the electrostatic phase shifts arising from the mean inner 
potential and seen as white in the image. The magnetic contribution to the phase profile manifests itself as 
the consistent phase increase as each wire is crossed giving rise to the net positive slope. The phase shift 
expected from each wire is consistent with that expected from an Fc wire with 390 nnf cross section, in 
agreement the dimensions of the wire. The sign of the magnetic phase shift is the same for each wire 
indicating that the magnetization within each wire is aligned, i.e. the array is ferromagnetically coupled. 
This coupling is consistent with the Kcrr measurements. 

Position 

Fig.4: (left) An electron holographic phase image or the wire array reconstructed from an electron hologram, and (right) a line scan 

across A-A'. 
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Quantitative Maenctomctrv Usiniz Electron Holography: Fields Near Magnetic Force Microscope Tips 

In Figs. 1-3, three sets of electron holograms have been reconstructed from three different sputter-coated 
MFM canilcvcr tips. The nominal radii of the tips arc 30 nm. Tip 1 (Fig. I) and Tip 2 (Fig. 2) were 
initially magnetized along the axis of the tip while Tip 3 (Fig. 3) was initially magnetized transverse to the 
tip axis. The full scale widths of these images arc 760 nm x 700 nm (Fig. la-c), 410 nm x 370 nm (Fig. 2a- 
c), and 270 nm x 250 nm (Fig. 3a-c). The parameters of the fitting procedure arc shown in Table I. Each 
image   is  composed  of an experimental amplitude image (a), an experimental phase image (b), an 
experimental phase image with the multipolc expansion fit ovcrlaycd in the region in proximity to the tip (c 
), and a magnitude of the magnetic field in proximity to the tip (d). The phase images have been amplified 

(x4) such that phase contours span n/2. 

Kig. la. Reconstructed amplitude - Tip 1. 760 nm x 700 nm full scale. Fig. lb. Amplified (x4) reconstructed phase - Tip 1. 

Fig. Ic. Phase with the fit superimposed - Tip 1. Fig.Id. Reconstructed magnetic field - Tip I. 

The phase fits of the multipole expansion fields were produced using (6) and (7), and the clear 
agreement of the fit is evident in the overlays superimposed over the phase data. The reconstructed 
magnetic fields use only the monopole and dipolc terms since the contribution from quadrupolc terms (see 
Table 1) were negligible on the distances comparable to the MFM tip radius. The field for the MFM tip 
shown in Fig. 4 falls from about 620 Oc at (near) the tip surface to 310 Oe 10 nm in front of the tip along 
the tip axis. The linear terms in the background that arc left after a proper centering of the sideband (in 
Fourier space) result from flux originating from the magnetic material sputtered onto the large conical base 
supporting the tip. In our implementation, where the sources are separated by about 2 microns at the sample, 
the upper limit on the residual stray field from the tip base is estimated to be approximately 10 Oc. 

The magnetic dipolc moments in the plane of the holographic phase images are oriented at 0 = 
135", 167°, and -160" respectively. The tips axes are along at 0 = 120°, 134°, and 115" respectively. Thus, 



the dipoic is oriented nearly along tip 1(15" off axis), close to the axis of tip 2 (33° off axis), and 
perpendicular to the tip 3 (85° off axis). This is consistent with the fact that during the magnetization 
process the tip axis is oriented about 12° away from the magnetic field axis. During magnetization, the 
physical tip axis is no longer aligned with the magnetic-field axis. Therefore, the measured dipoic moment 
axis is actually quite close to that axis defined during the magnetization process. Some quantitative 
information about the tip orientation can be extracted from Figs. lb, lb, lb: for the MFM tips with the 
dipoic moment oriented along the tip axis (Fig. 1 and Fig. I) black-white lines in the tip proximity run along 
the tip axis, while for the tip with a dipoic moment oriented perpendicular to the tip axis (Fig. 3) black- 
white lines run obliquely to the tip axis. 

piiPPlllllll 
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Fig.2a. Reconstructed amplitude - Tip 2. 410 nm x 370 nm full scale. Fig. 2b. Amplified (x4) reconstructed phase - Tip 

Fig. 2c. Phase with the Tit superimposed - Tip 2. Fig. 2d. Reconstructed magnetic field - Tip 2. 

The monopolc term contributes mostly on length scales large compared to the tip radius, while 
dipole and quadrupolc terms dominate the magnetic field in the region close to the tip. Fitting the phase in 
Figures lb, 2b and 3b without qudrupolc terms produces fits almost as good as those with quadrupolc terms 
included, while the fits without monopolc and/or dipoic terms arc completely unsatisfactory. Therefore, we 
conclude that the magnetic field in the region outside of the tip on the size scale of an MFM tip radius has 
simple monopolc-dipolc behavior with quadrupolc terms important only in close proximity to the tip. We 
estimate error in the fit parameters as 4% for the monopolc terms, 7% for the dipoic terms, and 50% for the 
quadrupolc terms. These errors arc primarily due to the presence of the defocused image of the biprism wire 
producing Fresncl fringes at a distance of a tip radius from the tip surface. Since the coefficients multiply 
terms with different functional dependence to produce the field, the worst case total error in the magnetic 
field is approximately 6% at a distance of about 2 radii (about 60 nm) away from the tip. In the typical 
operating regime, we expect the quadrupolc terms to contribute negligibly. We stress that any fields 
oriented along the direction of the electron beam arc not detected, and as such, the error estimates are 
relevant for only those components of B which arc measurable. 
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Kig. 3a. Reconstructed amplitude - Tip 3. 270 nm x 250 nm full scale. Fig.3b Amplified (x4) reconstructed phase - Tip 3. 

Fig.3c. Phase with the fit superimposed - Tip 3. Fig. 3d. Reconstructed magnetic field - Tip 3. 

Quantitatively, the fit is reliable enough to be able to reproduce some features seen on Fig. lb: 
close to the MFM tip (to the left) a black-white line runs up to the tip surface and then goes down to the 
right, meaning that magnetic field along the tip axis changes its sign (and therefore is close to zero in that 
region). Fig. Id shows the absolute value of the magnetic field and confirms that the fit reproduced that 
behavior. Although the resolution in this reconstruction is limited by the holographic fringe spacing to about 
8 nm, our ultimate spatial resolution is limited to about 2 nm. 

Magnetic Nanostructurcs Produced By Electron Beam Patterning Of Direct Write Transition Metal Fluoride 
Resists 

There arc several methods that arc employed in the manufacture of small magnetic structures. The 
most common, optical lithography [1], is a well developed technology that has been widely used. Although 
optical lithography can provide very high throughput, the smallest size that can be created is limited by 
diffraction to about 0.2 mm. The optical method involves exposure, processing, evaporation and lift-off. 
Conventional x-ray and electron beam lithography [2-6] increases the resolution of the pattern transfer 
process to nm length scales, but still requires post processing to remove the resist. The creation of large 
arrays of small structures can be accomplished through self-organization [7,8]. This method allows for the 
fast manufacture of nm structures over large (macroscopic) areas. Although self-organization produces a 
very rich variety of structures, there is little control over individual particle shapes, ordering in arrays and 
length scales. Self developing resist x-ray and electron beam lithography [9-11] is a compromise among 
throughput, resolution and chemical reactivity during processing. The method is very flexible for the in-situ 
manufacture of nano-structurcs yet the throughput is limited by resist sensitivity and serial processing. 
However, it is ideally suited for the generation of the small structures needed to examine fundamental 
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magnetic properties at nanometer length scales [7,8]. Na, Li, Mg and Ai metal halidcs sclf-dcvcloping 
resists [9-11] have been used successfully to prepare nanometer metal structures in an electron microscope. 
However, there appears to have been no successful attempts at the manufacture of nanometer magnetic 
structures using direct writing in sclf-dcvcloping resists. 

We have tested several transition metal halidc compounds for suitability as sclf-dcvcloping resists 
for the manufacture of magnetic nanostructurcs. Of the eight transition metal halidcs tested (FcF2, FcF,, 
FeCl2, FeCI3, CoF2, C0F3, C0CI3 and NiF2) only FcF2 and CoF2 arc sensitive enough to the electron beam. 
In this article wc report on in-situ experiments designed to produce controlled, nanometer sized magnetic 
structures using FcF2 and CoF2 electron beam sensitive resists. The resist properties arc characterized using 
electron energy loss spectroscopy. 

Both the nanopatterning and nanocharactcrization experiments were performed in a Vacuum 
Generators HB50I Scanning Transmission Electron Microscope. This microscope is equipped with a 
Gatan* Parallel Electron Energy Loss Spectrometer (PEELS) and an EmiSpcc Vision"" computer controlled 
data acquisition system [16]. Ultimately, this microscope can focus I nA of 100 kcV electrons into a beam 
Vi nm in diameter. Digitized patterns were transferred into the halidc films by controlling the 100 kcV 
electron beam with a computer while monitoring the electron dose. The computer controlled National 
Instruments'" AT-MIO-16E-2 multichannel digital-to-analog converter can scan the electron beam at rates of 
up to 400 kHZ. Our custom scanning software allows virtually any pattern to be transferred into the resist. 
Fig. 1 shows a resolution test pattern that has been transferred into the CoF2 resist. This high resolution 
annular dark field (ADF) image shows the CoF2 as gray, and the coalesced Co metal as black. A line scan 
taken across a single Co line at right has a width (FWHM) of approximately 5 nm. This is not the resolution 
limit of the resist but rather the lincwidth selected for this exposure. There arc some proximity effects in 
lines exposed close to onc-anothcr. The boxes at the top of Fig. 1 have incomplete exposure of the lines that 
comprise the left side of each box. This is because the pattern was written from left to right. The exposed 
right side of the box immediately to the left of a given box decreased the resist sensitivity local to that 
exposed line. This proximity effect can be seen in the center of the exposed spoke pattern in the wheel at 
left in Fig. 1, and as roughness in the smallest lines written close together at the top of the array of lines at 
the bottom of Fig. 1. In all other cases, the lines arc continuous, even and clearly resolved. 
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Fie 1 ■ High angle annular dark Held image of a resolution test patlern transferred into C0F2 using 100 kcV electrons in STL'M. The 
gray areas are C0K2, the black areas are metallic Co. The resolution here is limited by the scan rather than the resist to about 5 nm. 
Proximity resist elTccts can be observed (sec text). 

The self-development process was qualitatively characterized using bright and dark field imaging, 
and quantitatively characterized with Electron Energy Loss Spectroscopy (EELS). EELS spectra can 
provide valuable information in both low loss (0 -> 100 cV) and high or core loss (100 -> 1000 cV) energy 
loss ranges. The low loss EELS spectra can be used to investigate changes in the electronic properties 
during irradiation. Changes in the composition of the compound during electron irradiation can be 
determined by monitoring the core loss excitation spectra (scattering cross section) during the electron 
exposure process. Figs.2a (2b) illustrate typical EELS spectra for FcF2 (CoF2) taken from both exposed and 

12 



uncxposcd areas in the energy region surrounding the fluorine K (685 cV) excitation and the Co (779 cV) 
and Fc (708 cV) L2.., excitations. It is clear from the spectra shown in Fig. 2 that in the exposed areas 
fluorine was completely removed, while little iron/cobalt mass loss is observed. 
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Fig. 2 : Electron energy loss spcclra in the energy region surrounding the fluorine K-edgc (685 eV), the Co (779 cV) and Ke (708 eV) 
L2..1 excitations for (a) r'cF2 and (b) CoF2 before and after electron beam irradiation. 

Wc separate the analysis of the self development process in electron beam exposed regions of 
FcF2 and CoF2 into two categories: (a) An clcctron-bcam/resist interaction occurs in exposed areas where F 
is liberated and the transition metal coalesces. This interaction governs the most basic properties of the 
resist such as its sensitivity and any thickness dependent cffccts.(b) In the vicinity of the exposed areas, 
diffusion of iron/cobalt, redistribution of the halidc, and proximity effects due to high angle electron 
scattering and secondary electron creation reduce the sensitivity of the resist. 

The sensitivity of CoF2 to electron exposure can be measured by monitoring the relative 
concentrations of Co and F during the irradiation process. Typically, a small region of the sample surface is 
scanned with the electron beam. The current is monitored as a function of time so that the total electron 
dose can be established. EELS spectra arc accumulated frame by frame as a function of time (dose). One 
such time scries acquired for a 20 nm thick CoF2 film is shown in Fig. 3. EELS spectra arc shown near the 
F-K. and Co-L2..i edges for the five electron doses shown at left. The relative concentration of F can be 
determined by fitting (I = AE"r) the EELS spectra before the edge (E < 675 cV), subtracting this 
background, and integrating for a fixed energy window under the excitation peak [17]. The relative 
concentration of F is shown in Fig. 3. 

A scries of spectra like that shown in Fig. 3 illustrates how the dose response can be extracted from 
EELS spectra. Using EmiSpcc Vision" image acquisition and processing software, such EELS spectra can 
be collected in real time, the background subtracted, and the suitable energy window 
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Fig. 3 : Dose response Isl-LS spectra in the core excitation region lor CoF2. The decrease in the K K-edge intensity near 690 cV 
energy loss is evident as a function of the dose indicated at lett. The relative F concentration is shown at right. 

integrated, yielding the elemental concentration as a function of dose. The four dose response curves in 
Fig.4 show both the Co and F concentrations as functions of time (dose) for four different exposed areas, 
48x48 nm\ 70x70 nm2, 140x140 nnrand 190x190 nm2 in Figs. 4 a-d respectively. The different size areas 
were selected in order to explore the dose rate dependence during the exposure process. Each experimental 
point in Fig.4 indicated by a solid symbol is extracted from an EELS spectrum similar to those shown in 
Fig.3. The time scale in Fig. 4 was normalized to give a constant current of 100 nA on the condenser 
aperture (corresponding to 140 pA at the specimen) using a scries of current measurements, each taken 
simultaneously with the EELS spectral scries. This procedure is required in order to correct for the beam 
current instabilities which can be as high as 70% over a period of several minutes. Variations in electron 
beam current (dose) were also monitored by measuring the area under the carbon K-cdgc excitation peak in 
each EELS spectrum. Since each transition metal halidc film was deposited on a thin amorphous C 
substrate, this signal should remain constant in time unless carbon builds up on the specimen during 
exposure! Bright and dark field STEM images and EELS spectra were inspected both before and after each 
exposure to ensure that no appreciable carbon buildup occurred. 

The image shown in Fig. 1 suggests that CoF2 resist resolution is not limited by the polycrystallitc 
size Unlike some other self-developing electron sensitive resists (e.g. A1F.,) [9], the coalcscent metal in 
CoF2 and FeF2 resists docs not seem to form clusters. Rather it is distributed uniformly across exposed 
areas. However, the proximity effect can limit the resist resolution. CoF2 and FcF2 may become less 
sensitive to the electron beam in the vicinity of exposed areas since some transition metal can diffuse out of 
the locally exposed areas, and cap the resist layers below. EELS spectrum taken from an exposed point 
(limited by the resist resolution rather than by the electron beam size) shows a somewhat lower 
concentration of the Fc/Co than a similar spectrum taken from an uncxposcd area. This loss of the transition 
metal in extremely small areas supports the explanation that some of the transition metal may spill over onto 
adjacent areas during exposure. 
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Defect Induced Lowering Of Activation Enemies At Step Bands In Co/Cu( 100) 

Experiments on the growth and magnetic properties of the Co/Cu( 100) system often produce 
disparate results. STM studies of stepped Cu surfaces demonstrate that adatoms and kinks at steps arc quite 

mobile.''2 Mobility at steps has also been studied theoretically using the embedded atom method.    It was 
suggested' that Fc islands which decorate step edges on Cu( 111) relax the nearby Cu lattice, and decrease 
the activation energy for Cu diffusion along steps. This drives the migration of Cu and produces single-layer 
deep pits in Cu terraces. Large rectangular pits have been observed in Co/Cu( 100) systems which have been 
annealed following room temperature (RT) growth.'""' These pits, from which Cu was believed to have 
migrated and covered the Co surface, typically formed near steps. An experimental study of the growth and 
magnetic properties of Co/Cu(100) performed in our laboratory produced two characteristic growth 
morphologies for films grown under apparently identical conditions. The first growth mode is characterized 
by the formation of islands on terraces with little interaction with steps. The second growth mode is 
characterized by a lower island density and a high degree of interaction with and restructuring of step edges. 
Combinations of these two modes have been observed in different films. Kinetic Monte Carlo simulations 
have been performed for Co growth on Cu(100) in the presence of steps in an attempt to characterize these 
growth modes and the resulting film morphologies." The first growth mode has been reproduced reasonably 
well. Enhanced roughening of step edges was observed in simulations, however, the length scale of features 
was smaller than the experimental results. The large scale etching features and pits characteristic of the 
second growth mode were not reproduced in the Monte Carlo simulations. This was attributed to the simple 
model of activation energies for processes at steps." The kinetic Monte Carlo growth simulations of Co on 
Cu( 100) in the presence of step bands described here have been performed in order to characterize the 
striking morphological growth features found experimentally. 

In the simulations, the Cu substrate (template) was discrctized into a region 100 by 100 atoms 
square (along <100>, 36x36 nm) and 14 layers deep (2.5 nm) with periodic boundary conditions. The 
region included one or two trenches with steps oriented along cither <100> or <110>. The trenches, which 
were intended to simulate step bands, were 7 layers deep. The terrace width of each layer (step down) was 
four(<l00>) or three (<110>) atomic rows. The simulations assumed an Arrhenius-typc barrier model, 
where the transition rate is r=R„cxp(-e/kT). Activation energies (e) were set proportional to beginning and 
ending bond energies according to e = A/(1+|AE|/B) + H(AE). The constant A is the energy barrier for 
hopping to a state of the same energy, and was set to approximate the experimental activation energy for Co 
adatom diffusion on Co( 100)." H is the Hcavisidc function, T is the substrate temperature, k is Boltzmann's 
constant, and B is a constant which reduces the barrier somewhat when the final state is more tightly bound 
than the initial state. A and B were each set to 0.5 cV. The attempt frequency (Ro) for the transition rate was 
2 k T/h, where h is Plank's constant. The Co-Co bond energy was 0.271 cV/ncarcst-ncighbor (NN) and 
0.004 cV/next-NN (NNN).'2 The Cu-Cu bond energy was 0.190 cV/NN and 0.003 cV/NNN. * The Co-Cu 
bond energy was 0.2305 eV/NN and 0.0035 cV/NNN.9 In order to compare directly with experimental 
observations, results are presented for one monolaycr (ML, 1 ML=1.53x 1015 atoms/cm2) of Co deposited at 
275 K and subsequently annealed at 350 K for 30 seconds. K 

Experimental results were obtained from Co growth on bulk single crystal Cu(100) samples. Cu 
substrates were cleaned by repeated Ar+ ion sputter and anneal (600 C) cycles. Co was grown by elcctron- 
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beam evaporation at pressures <5xl0""' mbar. Samples were transferred in-situ into an ultrahigh vacuum ^ 

scanning transmission electron microscope (STEM) for nanometer resolution secondary electron imaging. 
In Fig. 1, characteristic samples of high resolution UHV secondary electron micrographs of the 

first (a) and second (b) growth modes arc shown. The <100> direction is denoted by the inserted arrow. 
Gray scale images have been rendered in three dimensions. Both films consist of 0.2 ML of Co grown at 
300 K on Cu( 100) at 0.15 ML/min. Since restructuring is observed for such small amounts of deposit (Fig. 
1(b)), we believe that the relief of strain in the Co film may not be a significant driving force in the early 
stages of growth. Restructuring takes the form of facets with low energy <l 10> steps, suggesting that the 
lowering of free energy is the driving force. The large scale faceting and step edge restructuring shown in 
Fig. 1(b) was not well reproduced by kinetic Monte Carlo simulations in the presence of single atom high 

steps', although when annealed simulated structures exhibit morphologies remarkably similar to those 
produced during growth experiments . Experimental and computed morphologies for growth near step 
bands arc shown in Fig. 2. Brighter areas arc higher. Simulations arc in the left column (Fig. 2(a, c)) and 
SEM results at right (Fig. 2(b, d)). White arrows inserted into the images denote the <100> direction. The 
simulations include 1.0 ML of Co grown near step bands aligned along <100> (Fig. 2(a)) and <110> (Fig. 
2(c)) followed by a 30 second anneal at 350 K. No differentiation is made between Co and Cu atoms. The 
SEM results also include growths of 1.0 ML with step bands aligned close to <100> (Fig. 2(b)) and <110> 
(Fig. 2(d)), however, without annealing. 

KIG I  Secondary electron micrographs of 0.2 ML CVCu(IOO) grown at 300 K, which show examples ollhc first (a) and the second 
(b) growth modes described in the text. White arrows denote the <KK» direction. Gray scale images have been rendered in three 
dimensions. The scale is the same for both images. 

The simulation results (Fig. 2(a, c)) contain large rectangular vacancies from which Cu has 
migrated. Before annealing these were exposed regions of the Cu substrate. The experimental results (Fig. 
2(b, d)) contain similar features, although the length scales arc slightly larger. Adjacent to the <100> step 
bands in Fig. 2(a) arc long connected vacancy regions with <110> facets separated from the step bands by 
Co islands (sec e.g. region around the arrow). These regions arc within the adatom random walk distance of 
the step band. The Co island density during growth was low in this region, leaving exposed Cu after the 
growth. This Cu was then free to migrate during the anneal. Co which migrated over the step from this 
denuded region formed islands at the step bands. Regions of similar morphology can be seen in our SEM 
data along <100> step bands. Such a region surrounds the arrow in Fig. 2(b). The large rectangular 
vacancies in the simulation terraces were formed by incomplete Co coverage, from which Cu migrated 
during annealing. Similar structures were also observed in the SEM data, as can be seen in the terrace of 
Fig. 2(d). Inclusions into the <110> step bands (Fig. 2(c, d)) arc more rectangular than those into <100> 
step bands, and arc not separated from the step band by Co islands. 

The top level atomic species for the simulations before (left) and after (right) annealing arc shown 
in Fig. 3 for<100> (top) and <110> (bottom) step bands. Black squares are Co atoms and white squares are 
Cu atoms. Figure 3(b, d) arc the same post-annealing simulation results shown in Fig. 2(a. c). Cu has clearly 
migrated from exposed areas to cover and or surround the Co islands. This migration has occurred without 
invoking a direct exchange process.'" Very few Co islands are exposed (on top) after the anneal, however, a 
large number of Co atoms along steps arc exposed. The shapes of Co islands arc now much less rectangular 
and closer to those obtained experimentally from the first growth mode. These islands arc now surrounded 
by Cu (i.e. part of a terrace). Interdiffusion has obviously increased dramatically during annealing. 
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FIG. 2. Simulation results (a, c) and SLM results (b, d) lor I ML CVCu( 100) grown at RT near <I00> (a, b) and <l I0> (c. d) step 
bands. The simulations were annealed at 350 K for 30 seconds. Bright regions are higher. White arrows denote the <l()0> direction. 
Gray scale images have been rendered in three dimensions. The scale is the same lor all images. 
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FIG. 3. Simulation results for I ML Co/C'u( 100) before (a. c) and alter (b, d) annealing. The atomic species of the topmost exposed 
atom is shown. Black squares are Co atoms and white squares are C'u atoms. 

The activation energies for processes at steps (bands) may be lower than the simple model 
predicts. This could cause the discrepancy between the simulations of RT growth and the experimental 
morphologies. Transition rates in the model are dependent on attempt frequency, temperature, and the 
parameters A and B. A change in any of these parameters will change the rate at which processes occur. 
Increasing T, as in our annealing simulations, is equivalent to increasing Ro. or decreasing e. The ratios of 
these parameters, then, affect the growth dynamics as much as their magnitudes. The exposed Cu atoms are 
apparently close to an activation energy threshold since a small increase in temperature (75 K) dramatically 
increases their mobility. One possible method to improve the simulations is to change the model for 
activation energy (e). Lowering e for processes whose beginning bond energies are smaller should increase 
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the rate for processes on atoms with lower coordination, such as at steps. We have chosen not to search the 
vast parameter space for combinations which produce the experimentally observed morphology. Rather, we 
have approximated the increased mobility of Cu atoms at defects by annealing. This produced morphologies 
remarkably similar to those observed in SEM data. 

SEM results (not shown) reveal a continuum of combinations of the first and second growth 
modes. Wc have been unable to correlate contamination levels with growth mode, although a surfactant-like 
contaminant effect cannot be ruled out. The range of growth modes could instead be due to variations in 
defect densities. The width and density of step bands was not constant between different samples used in 
our growth experiments. Agglomerations of vacancies were evident in some samples, suggesting the 
presence of a high density of defects that wc could not detect. Samples with higher defect densities would 
exhibit an increased proportion of the second growth mode. Differences in defect density and the resultant 
changes in activation energies, then, could account for the differences in observed morphology. Lowered 
activation energies for Cu atoms could be the result of relaxation near defects, or changes in the strain field 

caused by nearby Co atoms. 
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Co on Stepped Cu( 100) Surfaces: A Comparison of Experimental Data with Growth Simulations. 

Co/Cu(100) has become an important system in the study of thin film magnetism. Face centered 
cubic (fee) Co has a small lattice mismatch with fee Cu(100) and will grow pscudomorphically. Cu surfaces 
vicinal to <100> allow Co to be grown with a regularly spaced array of <110> steps and <100> terraces'. 
Bulk Co and Cu arc considered immiscible below ~ 900 K, however, Co and Cu have been reported to form 

an alloy2 above -450 K, and intcrdiffusion during growth above 0 C has been suggested3. Co/Cu 
multilayers exhibit giant magnctorcsistancc, therefore, understanding the Co/Cu interface is important. 

We have performed a study of the growth and magnetic properties of Co/Cu(100) at room 

temperature (RT)4 in an attempt to understand how morphology and defects affect film growth and 
magnetic properties. Wc described two growth modes: island growth and exchange mediated growth, and 
reported a continuum of combinations of these two modes in different films. Island growth mode is 
characterized by the formation of islands on terraces and little interaction with steps, while exchange 
mediated growth is characterized by little island formation and a high degree of roughening of step edges. A 
Co adatom moves along a Cu step until it is pinned by a kink, thereby lowering the free energy. Because Co 
has a higher free energy5-6 than Cu, the configurational energy may be lowered when Cu atoms move to 
surround the Co atom. This results in a restructuring of the step edge resulting in faceting along the lower 
energy <110> directions. Incorporation into a < 110> step is much more energetically favorable than 
incorporation into a <100> step4, and this difference may contribute to the difference between island and 
exchange growth. 

Wc have performed growth simulations using J. L. Blue's kinetic Monte Carlo simulation 
program7 in order to understand the various growth modes encountered during growth experiments. Wc are 
also interested in exploring the effects of growth parameters on intcrdiffusion. Intcrdiffusion and its affect 
on magnetic properties at the Co-Cu interface is of central importance in understanding GMR and other 
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thin-film magnetic properties. Wc attempt to describe the sharpness and character of the interface, and its 
dependence on parameters such as growth temperature, growth rate, and terrace width. 

Kinetic Monte Carlo simulations of the growth of Co on Cu( 100) in the presence of step edges 
were performed. Prior to deposition the Cu substrate was 100 by 100 atoms (square), 6 layers deep, and 
included one or two terraces with steps oriented along cither <100> or <110>. Simulations were also 
performed at intermediate step orientations in 5 degree increments. Deposition of Co was simulated at rates 
of 0.15 ML/min (slow) and 1.5 ML/min (fast), and for coverages between 0.05 ML and 0.50 ML in 
increments of 0.05 ML. Initial kink densities of 0 and 0.15 kinks per site along the step edges were selected. 
Substrate temperature during growth was varied from 275 K to 325 K to investigate the effect of 
temperature on morphology and intcrdiffusion for RT deposition. Five different simulations were performed 
with different random number seeds, and the quantitative measures were averaged. 

The shape, size and density of the islands is essentially the same for simulations with the same 
deposition rate, independent of step orientation. The islands arc approximately rectangular with edges along 
<110> directions. Between 30 and 60 percent of the adatoms were captured by terraces, with more being 
captured during slower growth. Mean island area increases approximately linearly with increasing coverage 
until approximately 0.4 ML have been deposited, where island capture by steps and the agglomeration of 
very large islands becomes significant. Island density initially increased, then above 0.15 ML was fairly 
constant as a function of deposition. Both island density and mean island size were essentially unaffected by 
initial kink density. Interface width increases approximately linearly with coverage due to the deposition of 
adatoms and the nuclcation of islands. Films grown at 1.5 ML/min have a slightly larger interface width 
than films grown at 0.15 ML/min due to their higher nuclcation density. Interface width is essentially 
unaffected by initial kink density. Step width of <100> and <I 10> steps arc approximately the same and arc 
unaffected by growth rate and initial kink density within the statistical uncertainty. The largest increase in 
step width occurs between 0 and 0.05 ML of Co deposit. A small amount of Co arriving at a step edge 
apparently induces a significant amount of restructuring, after which further Co deposition causes only 
incremental restructuring of the step edge. The addition of initial kinks to the steps did not affect the 
intcrdiffusion width. Slow growth produced significantly more intcrdiffusion than fast growth, with the 
effect being more pronounced on <100> steps compared to <110> steps. 

Simulations were also performed on terraces without Co deposition. < 100> steps formed <110> 
facets similar to those formed during the Co deposition simulations, however, the step width was 
approximately half as large for the equivalent amount of simulation time. <110> steps formed rectangular 
inclusions only during simulations that included a nonzero initial kink density. These inclusions were much 
less deep and wider than those simulated during Co deposition. Co deposition is therefore enhancing the 
roughening of the step edges. 

Monte Carlo growth simulations reproduced many features of the island growth mode observed 
during growth experiments. The faceting of step edges is reproduced, however, the length scale of the facets 
is smaller in the simulations than in the growth experiments. During growth experiments step bands tend to 
form arcs between pinning sites, therefore, perfect <100> or <110> step edges are not the norm. Wc do 
find, however, many small lengths of step edges which arc aligned nearly along crystallographic axes. These 
segments can be compared to simulation results in order to test the efficacy of the simulations. Fig. I 
includes SEM micrographs (left) and simulation results (right) of RT growth of 0.1, 0.2, and 0.4 ML, all at 
0.15 ML/min. White arrows in the micrographs denote the <100> direction. The step edge parallel to the 
arrow in Fig. 1(a) shows large scale faceting, on the order of 5-7 nm. Faceting of the step edge in the 0.10 
ML simulation (Fig. 1(b)) appears similar although the size of the facets is slightly smaller (2-3 nm). In Fig. 
1(d), an island has grown into the step edge in the middle of the right step which produces a feature similar 
to the facets seen in Fig. 1(c). This could conceivably account for the larger scale faceting observed in the 
micrographs, however, the islands do not appear to be large enough or rectangular enough to have caused 
the faceting in cither Fig. 1(a) or (c). The irregular shape of the islands in the micrographs is not reproduced 
by the shape of the islands in the simulations. STM images9- 'M3 show islands with similar shapes to those 
in Fig. l(a, c, c). Relaxation likely occurs at the edge of islands and at steps. This process is omitted in our 
simulation model. Addition of this process would change the kinetics and might account for the discrepancy 
in island shapes. 
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HO I (Lcrt): Comparison of SUM micrographs with simulation results lor 0.1 ML (a, b), 0.2 MLd) and 0.4 ML (c. 0 depositions 
with step edges aligned along <I00>. Arrows denote <!(>()> directions. Growth rate was 0.15 ML/min lor all. 

KIO 2 (Right)- Comparison ofSI-M micrographs with simulation results for 0.1 ML(a,b),0.2 ML (c.d) and 0.35 ML(c,D 
depositions with step edges aligned along <110>. Arrows denote <l I0> directions, (irowth rate was 0.15 ML/m.n lor all. 

Fig. 2 includes SEM micrographs (left) and simulation results (right) of growth of 0.1, 0.2, and 
0.35 ML, also at 0.15 ML/min. The step edges in the simulations have formed approximately rectangular 
inclusions, usually in a region with islands close to the step. Areas without these inclusions tend to have a 
region denuded of islands near the terrace. The missing Co atoms arc obviously in the islands near the 
inclusions. Such a region appears to exist in the vicinity of the arrow in Fig. 2(a), however, the inclusions 
are much deeper than those in (b). This suggests than an exchange mechanism may be contributing to the 
restructuring of the step edges. As deposition increases (Fig. 2(c-f)) the size of the inclusions increase, both 
in the growth and simulation experiments. The growth experiments, however, produce some striking step 
edge morphologies, as seen in Fig. 2(c) and (c). These features were not reproduced in the simulations, 
except perhaps for higher deposition where island capture by the terrace is evidenced. This observation 
suggests, again, that some exchange process is at work, or perhaps Cu has migrated from this area, thereby 
forming the inclusion. Clearly the kinetics at steps arc more complicated than the barrier model m our 
simulation produces. The surface in Fig. 2(c) is an example of the exchange growth mode described 
previously4. Islands arc quite rare and step edge restructuring tends to be more pronounced than in surfaces 
exhibiting the island growth mode. This morphology has not been reproduced in the corresponding 

simulations. 
Intcrdiffusion is essentially complete by 0.20 ML deposition. Intcrdiffusion increases with 

increasing temperature and decreasing growth rate, consistent with more time for atoms to rearrange 
positions between subsequent adatom arrival. Intcrdiffusion increased with increasing Co-Cu binding 
energy Presumably because these Co-Cu bonds arc more difficult to break and thus the rate at which they 
break decreases. Varying the step orientation from <100> to <110> in small increments produced a steady 
decrease in intcrdiffusion. This result may be important for the magnetism of vicinal (100) surfaces which 
have regularly spaced <110> steps only,1 and thus would have a minimum amount of intcrdiffusion for a 
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given step density. It is clear that the interface between Co and Cu is not sharp on an atomic scale: the width 
of the intcrdiffusion region (10-90% concentration) is approximately 0.7-1.5 nm. For growth at 0.15 
ML/min there is approximately one intcrdiffuscd atom for every two unit cells (-0.7 nm) along the length of 
an average step. Intcrdiffusion, therefore, is highly dependent on step density (terrace width). 

Island size and density compare favorably with growth results for the island growth mode, and the 
effects of deposition rate and temperature arc consistent with accepted kinetic models. Island shapes arc not 
well reproduced. Many of the features observed in the exchange mediated growth mode suggest an etching 
of the step rather than a simple restructuring along <110> facets. This morphology was duplicated 
somewhat during annealing simulations. We believe the discrepancy between growth experiments and 
simulation experiments is due to kinetics. The barrier height model employed in our simulations works well 
for nuclcation and growth of islands, however, the kinetics at steps is more complicated. One or more 
processes at steps must occur at much different rates than predicted by our model. One possible example is 
adatom diffusion along a step, which evidence suggests15 may have a lower activation energy than adatom 
diffusion across a terrace. The most promising method to improve the simulation results would be to use a 
complete set of barrier height calculations. This may allow the determination of exactly which processes arc 
responsible for the etching features we observed. 
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Self-organized Fe nanc   .re arrays prepared by shao   / deposition 
on NaCI(110) templates 
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Iron nanowire arrays have been grown by shadow deposition on a self-organized grating template 
produced by annealing the sodium chloride (110) surface. The typical wire size as measured using 
transmission electron microscopy is 45 nmX 13 nmX 10 fim. The typical wire array period is 90 nm. 
The magnetic properties were dominated by a strong in-plane shape anisotropy. The hysteresis loops 
examined by magneto-optical Kerr effect measurements indicated coherent switching, even though 
the individual wires were isolated from one another. © 1997 American Institute of Physics. 
[S0003-6951(97)03908-9] 

Nanostructured magnetic systems are of interest from a 
fundamental point of view because excitations can be probed 
in a mesoscopic system with well-characterized interaction 
energies. High-density magnetic recording motivates much 
of the applied research in systems composed of small mag- 
netic structures. The magnetic properties of nanostructures 
depend upon their shape, size, and spatial distribution. In 
one-dimensional laterally structured films, e.g., nanowire ar- 
rays, we expect easy-axis hysteresis loops with large rema- 
nence and coercivity, accompanied by strong in-plane anisot- 
ropy.1,2 In two-dimensional dot arrays, where the magnetic 
coupling and the domain structure are modified by such lat- 
erally structured systems, magnetization reversal of single 
domain particles has been studied extensively for application 
to high-density recording3"5 and to determine its effect on 
the magnetoresistance.1'2,6"8 

Attempts have been made to fabricate laterally struc- 
tured magnetic dot and wire arrays by electron-beam lithog- 
raphy,1"4 the step-edge method,9 laser-focused atomic 
deposition,10 and electrodeposition.8 Electron-beam lithogra- 
phy, the most popular method, has been used successfully to 
fabricate wires as narrow as 15 nm;3 however, the through- 
put is so slow that processing the large areas required for 
magnetic data storage media is quite difficult. Another ap- 
proach is needed for large-area fabrication of nanostructures 
with high throughput. 

One possible solution is application of self-organization 
phenomena which have been used in the nanofabrication of 
semiconductors and polymers in recent years. For example, 
Takeshita et al.5 have reported that Co islands preferentially 
nucleate at elbow sites of the herringbone pattern on the 
reconstructed Au surface, forming nanometer-diameter dots 
2 monolayers thick arranged in a triangular lattice. This mi- 
crostructure disappears with increasing film thickness due to 
coalescence, limiting the self-organized structures to small 
volumes. We are interested in thicker mesoscopic structures 
which produce the large output signals required for digital 
storage technologies. 

We report here on the growth of Fe nanowire arrays 
prepared by shadow deposition. Shadow growth has been 

a)On leave from the Dept. of Metallurgical Engineering, Tokyo Institute of 
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proposed for wire deposition on a Si grating prepared by 
electron-beam lithography and selective etching.6 In this 
study we use grating templates produced by self-organ- 
ization. Regular grooves in NaCl(llO) as small as 10 nm in 
both width and depth have been produced previously by Sug- 
awara, Haga, and Nittono." In this study, typical linewidths 
are about 100 nm. The width of the grooves is a function of 
the annealing temperature and time.12 When a NaCl(llO) 
surface plane is annealed in vacuum, the surface becomes 
faceted with (100) and (010) planes in order to minimize the 
surface energy. Periodic macrosteps parallel to [001] are 
formed as schematically shown in Fig. 1. This is a thermal 
process, hence, we can fabricate uniform nanoscaled grooves 
quickly even in the ultrahigh vacuum (UHV) ambient. When 
Fe is deposited on these templates at a low angle of inci- 
dence (65° from the template normal in this study), approxi- 
mately 60% of (100) terraces are exposed to Fe flux, and Fe 
wires are formed only near the edge of the ridges (Fig. 1). 

Sample preparation was performed in UHV (3X10-8 

Pa). The NaCl(l 10) substrate was etched by water for a few 
seconds before being loaded into the UHV chamber, where it 
was etched thermally at 440 °C for 10 min to produce a clean 
faceted surface. Amorphous SiO was deposited as a passiva- 
tion layer. This 20-nm-thick film insured a disordered tem- 
plate for the randomly oriented polycrystalline Fe film. The 
Fe was deposited from a collimated electron-beam source 
aligned 65° from the template normal. The deposition rate 
was 0.15 nm/min, and the nominal Fe wire thickness was 13 
nm. Finally, a 10-nm-thick SiO passivation layer was depos- 
ited on top of the nanowire array to prevent oxidation during 

SiO deposition 

shadow 
zone 

Fede'position 

1110] 

[1101 

Fe wires 

a-SiO 
NaCI(110) 
substrate 

FIG. 1. Surface topography of the substrate surface and deposition geom- 
etry. 
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FIG. 2. Bright field TEM images of the SiO (10 nm)/Fe wire array (13 
nm)/SiO (20 nm) deposited on the stepped NaCl(llO) substrate: (a) A low- 
magnification image and (b) a high magnification image. Thick lines due to 
shadow depositions (white arrows) are indicated. An array of ultrafine par- 
ticles that nucleate in the bottom of the groove remains there after the 
formation of the wires (black arrows). The diameter of the ultrafine particles 
in the groove bottom is several nm. 

subsequent ex situ analysis. The Fe wire array, embedded in 
the SiO layer, was floated off the NaCl substrate in water. 
Oxidation caused by this step was negligible. No iron oxide 
phase was detectable by electron diffraction during the mi- 
crostructural analysis of the film in a Topcon EM-002B 
transmission electron microscope (TEM). Microstructural 
features, such as wire widths, lengths, and separations, were 
evaluated quantitatively by image analysis. 

Figure 2 shows bright field TEM images of a nanowire 
array. The Fe wires seen in dark contrast run along the mac- 
rosteps of the substrate. We confirmed that this microstruc- 
ture is uniform over the entire 3-mm-diam specimen area of 
the TEM grid. A corresponding electron-diffraction pattern 
showed that these wires are polycrystalline Fe with no tex- 
ture orientation. Therefore, we expect that we can neglect the 
contribution of magnetocrystalline anisotropy to the mag- 
netic properties. The average periodicity of wires is 90 nm, 
and their average width (projected) is 30 nm. The average 
length is estimated to be 10 fim. An aspect ratio larger than 
100 has been achieved. However, nanowires smaller than 10 
nm in width tend to be discontinuous with shorter segments. 
This observation suggests that the smallest possible width of 
wires grown by shadow deposition is determined by the ini- 
tial nucleation density of Fe islands and coalescence kinetics. 
The initial nucleation density of Fe islands on SiO is high in 
the area exposed to flux due to the high local adatom con- 
centration. With increasing thickness, grain growth is caused 
by the coalescence of islands. Surface diffusion at the neck 
where two large islands touch is not fast enough to cause 
reorientation at room temperature, so the wires are composed 
of several grains in the short axis direction, as seen in Fig. 
2(b). The surface roughness of these wires is associated with 
the grain size controlled by the coalescence kinetics. In Fig. 
2(b) the flux comes from the right-hand side, judging from 
shadows formed around three-dimensional obstacles on the 
substrate. We can also see very thin wires are formed on the 
right-hand (deposition) side of each wide wire. These thin 
wires are considered to be formed at the bottom of the 

grooves, i.e., c ..ring of Fe atoms by macrosteps. The de- 
tail of the microstructural evolution will be presented else- 
where.12 

The fluctuation of the wire width, separation, and length 
may arise from local imperfections on the surface. The stan- 
dard deviation of wire widths was 18 nm, approximately 
209c of the average width. This results from both the fluc- 
tuation in crystallite size and the depth variation of the 
grooves. The average width is 48% of the periodicity, and is 
larger than the percentage of area (35%) exposed to Fe flux 
expected from the geometry shown in Fig. 1. Since the film 
was grown at room temperature, broadening of the wire 
width is not caused by long-range surface diffusion. This 
kind of broadening seems to take place where neighboring 
macrosteps are so close that narrow grooves are formed. In 
this case Fe fills up the grooves so easily that neighboring 
wires touch each other. This increases the coverage of the 
wires with respect to the surface area. 

Hysteresis loops were measured ex situ by the magneto- 
optical Kerr effect (MOKE) at an incident angle of 45°. 
Since both SiO and NaCl are transparent at optical frequen- 
cies (He-Ne laser at 632.8 nm), the MOKE signal was rela- 
tively weak. We utilized a phase-sensitive detection scheme, 
and results are presented for the detection of the first har- 
monic (2F mode) which gave stronger signals than the fun- 
damental (IF mode). To examine the switching process, lon- 
gitudinal MOKE loops were recorded for magnetic fields 
positioned at various angles relative to the nanowire axis. 
This was accomplished by applying a longitudinal field and 
rotating the sample in the film plane while keeping the de- 
tection optics fixed. 

The film shown in Fig. 2 (characteristic of many exam- 
ined in this study) had strong in-plane magnetic anisotropy, 
as expected from the observed microstructure. When the 
field is applied along the macrosteps, a longitudinal loop 
shows easy-axis behavior with high coercivity about 2 kOe 
(Fig. 3). When the field is applied perpendicular to the steps, 
the loops show hard-axis behavior. The magnetization did 
not saturate for external fields of 3 kOe due to large demag- 
netization field along the short axis of the wire array. We 
should note that the real hard axis is considered to be per- 
pendicular to the thin Fe slabs, i.e., out of the film plane by 
45°. However, we could not measure this magnetization 
component by MOKE, because there was no strong reflec- 
tion in that direction, indicating that the wires themselves are 
not planar but rather cylindrical. This agrees with results of 
contrast analysis of Fig. 2(b). The longitudinal loops mea- 
sured with the applied field oriented between the easy and 
hard axes gives information on the magnetization rotation 
process. The two columns of loops shown in Fig. 3 are for 
the magnetization along [left-hand side (lhs)] and perpen- 
dicular [right-hand side (rhs)] to the steps for the field angle 
with the wire direction as specified. The peaks when 0=45° 
(rhs) and the large open-circle loop for perpendicular mag- 
netization when 0=80° are also characteristic of coherent 
rotation.13 These results suggest that the magnetization pro- 
cess is not dominated by domain wall motion. The collapsed 
loop for 0=90° results from the limited applied field 
strength. Even though we cannot ascertain that the switching 
proceeds through coherent rotation, it is clear that the whole 
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FIG. 3. Hysteresis loops measured by MOKE rotating the specimen in the 
film plane. 8 denotes angle between the macrostep direction and the scatter- 
ing plane with the field applied in plane. The loops on the left-hand side 
(right-hand side) are magnetization components parallel (perpendicular) to 
the applied magnetic field. 

wire array switches simultaneously. This result is interesting 
in that the magnetization switching process seems to be 
present across the film array even though individual lines are 
not coupled. Either each wire has nearly the same coercivity, 
and hence each wire individually switches coherently in uni- 
son with all others, or all the wires are magnetostatically 
linked, and hence switch as a single film. 

The main advantage of self-organized growth is that it is 
a simple procedure with high throughput. In contrast to lift- 
off type lithography, the self-organized pattern formation can 

be completed without bn ig vacuum. There are many 
other choices of ionic crystals to be used as templates. We 
have obtained preliminary results from other types of micro- 
structure such as dot array and continuous films having un- 
dulating surface topography.12 In addition, similar surface 
macrosteps are reported for other insulating materials such as 
LiNbA103 (Ref. 14) and as-deposited CaF2 on Si(l 10).15 Ap- 
plication of shadow deposition on self-organized templates 
may show promise for the fabrication of on-chip micromag- 
netic devices. 
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films on Cu(100) 
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The room temperature growth and morphology of epitaxial Co films on Cu(100) were studied from 
the initial nucleation of islands through thicknesses of several monolayers using in situ nanometer 
resolution ultrahigh vacuum scanning electron microscopy, Auger electron spectroscopy, and the 
surface magneto-optic Kerr effect. The films became ferromagnetic at room temperature at 
-1.7 ML (1 ML=1.53X1015 atoms/cm2). Roughening structures, seen as large inclusions into 
step bands and terrace pits from which Cu may have migrated, were observed. Minimization of 
surface energy along step edges is offered as a possible explanation for the observed morphology at 
the beginning stages of the formation of these structures. A second Co magnetic phase was detected 
in many films with out-of-plane remanence and a coercivity 5-10 times the in-plane value. 
© 1997 American Vacuum Society. [S0734-2101 (97)02703-6] 

I. INTRODUCTION 

Research in thin film magnetism has grown remarkably in 
recent years due in part to the possibility of studying two- 
dimensional (2D) magnetism and novel phases of materials. 
Although the Mermin and Wagner theorem1 precludes the 
possibility of long range order for a 2D Heisenberg ferro- 
magnet, the existence of intrinsic magnetic surface anisot- 
ropy has allowed for the fabrication of 2D ferromagnetic 
films. Co/Cu(100) has become a model system for investi- 
gating the properties of these films. Bulk Co at room tem- 
perature (RT) has a hexagonal close packed structure, how- 
ever face-centered-cubic (fee) Co has a small lattice 
mismatch (1.9%) with Cu(100), and thus initially grows 
pseudomorphically, thereby matching the fee structure of the 
substrate. Although bulk Co and Cu are considered immis- 
cible below —900 K, Co and Cu have been reported to form 
an alloy above —450 K.2 The application of Co/Cu multilay- 
ers to giant magnetoresistance devices is imminent, therefore 
the study of the Co/Cu interface is important. 

A great deal of theoretical and experimental work has 
been done on the fee Co/Cu(100) system, and the results 
have been quite varied. Curie temperature3-6 increases with 
film thickness and coercivity increases steeply just after the 
ferromagnetic transition.7 Anisotropy is in plane along 
<110>.3,8-9 The onset of ferromagnetism at RT has been 
found to be between 1 and 2 monolayer (ML) coverage 
(1 ML=1.53X1015 atoms/cm2).3'4'8'10-12 Both layer-by- 
layer3'4,6 and bilayer14,15 growth have been reported. A Cu 
capping layer and perpendicular anisotropy after 
annealing16,17 have been reported, as well as coercivity de- 
pendent on capping layer thickness,12'13 peaking at about 
1 ML. Co grown on vicinal Cu substrates has a uniaxial in- 
plane anisotropy along (110) step directions.18 Much of the 
variability of these results has been attributed to inconsistent 
film preparation conditions and contaminants.19 It is impor- 
tant, therefore, to understand how morphology and defects 

"'Electronic mail: Michael.Scheinfein@asu.edu 

affect film growth and magnetic properties. In this article, we 
describe Co films grown under seemingly identical condi- 
tions on Cu(100) which resulted in very different film mor- 
phologies. Our experimental apparatus allows us to acquire 
nanometer-resolution secondary-electron images of these 
films, as well as to probe their macroscopic magnetic prop- 
erties. Our goal is to find correlations between the evolution 
of film structure during growth and magnetic properties. 

II. EXPERIMENTAL APPARATUS 
AND PROCEDURES 

Our sample preparation and characterization facility, 
which has been described in detail elsewhere,20 consists of a 
modified Vacuum Generators HB 50IS ultrahigh vacuum 
(UHV) scanning transmission electron microscope (STEM) 
with attached sample preparation and characterization cham- 
ber. The microscope and preparation chamber are baked for 
36 h at 170 °C, producing base pressures better than 
5X 10-11 mbar. Samples are grown and characterized using 
standard surface science techniques, transferred in situ to the 
surface magneto-optic Kerr effect (SMOKE) chamber for 
magnetic characterization, then transferred in situ to the mi- 
croscope for nanometer lateral resolution secondary electron 
(SE) imaging. 

Single crystal Cu(100) samples 3 mm in diameter were 
mechanically polished and electropolished. The samples 
were cleaned by repeated Ar+ ion sputtering and annealing 
cycles. Each cycle consisted of 1 h of sputtering at 30 °C, 
3 h of sputtering at 330 °C, and 15 min of annealing 
at 600 °C. Sputtering was done at a 45° incident angle, 
using — 200 nA of 600 eV Ar+ ions at a pressure of 
— 8X10~7 mbar. Sample cleanliness was confirmed using 
Auger spectroscopy and SE imaging. Nanometer-resolution 
SE imaging allowed detection of contamination at the 0.02 
at. % level,20 well below the detection threshold of our broad 
beam analysis cylindrical mirror analyzer (— 1 at. %). Oxide 
typically has a higher secondary electron yield and hence 
appears very bright in SE images, whereas carbon contami- 
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FIG. 1. SE micrograph of typical Cu(100) substrate prior to Co deposition. 

nation turns an image dark upon continued electron irradia- 
tion. Clean samples showed broad terraces separated by 
bunched step bands which were pinned by copper oxide is- 
lands (Fig. 1). Cobalt films were grown by electron-beam 
evaporation at about 0.15 ML/min. Pressure during evapora- 
tion was typically <5 X 10"10 mbar. Growth rates were cali- 
brated using Auger spectroscopy.20 Statistical analysis of 
thickness measurements yields an uncertainty of ± 10% be- 
low 1 ML and ±0.15 ML above 1 ML. 

Longitudinal and polar hysteresis loops were recorded by 
scattering light of a 632.8 nm intensity-stabilized He-Ne la- 
ser from the sample at a 45° angle of incidence. This geom- 
etry allows both polar and longitudinal Kerr measurements 
to be made by changing only the ex situ magnet. Analysis of 
the hysteresis loops is somewhat complicated by the pres- 
ence of both polar and longitudinal components in polar 
loops, due to the 45° angle of incidence.21 After SMOKE 
analysis the samples were transferred to the electron micro- 
scope for SE imaging. Images were collected digitally and 
analyzed using our own software program22 which allowed 
for measurement of particle and coverage statistics as well as 
characterizing particle shapes using a variety of methods in- 
cluding Fourier descriptors. The experimental images shown 
are representative samples of different surfaces. These im- 
ages are characteristic of the entire surface for each experi- 
ment and have been selected from four surveys of ten images 
each across each sample surface. These representative 
samples were selected from 40 individual experiments. 

III. GROWTH 

From the beginning stages of film growth, many different 
structures were observed. Some films grew via island nucle- 
ation on terraces with little interaction with steps while other 
films grew with very little island formation and a high degree 
of step roughening. Figure 2 includes representative SE mi- 
crographs from three different fee Co/Cu(100) films, grown 
at RT at a rate of 0.15 ML/min. These images will be used to 
illustrate different growth processes on a typical Cu(100) 
surface as shown in Fig. 1 (prior to Co deposition). The 
bright lines are bunched step bands which are pinned by 
copper oxide islands (brightest spot). The dark spot in the top 
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FIG. 2. SE micrographs of Co/Cu(100) films grown at RT at 
-0.15 ML/min for the following coverages: (a) 0.1 ML, (b) 0.4 ML, (c) 0.3 
ML, and (d) 0.3 ML. The arrow and black line in (a) highlight a roughened 
step edge. 

right corner is a vacancy island (inclusion) typical of these 
substrates. In secondary electron images, dark regions can 
result from lower secondary yield areas (composition) or pits 
where the pit edges screen the detector and hence limit de- 
tection yield. In this case, compositional variation (contami- 
nation) is unlikely since no contaminants were detected by 
Auger spectroscopy and the regions are impervious to beam 
damage. The density of the vacancy islands varied greatly 
between substrates (from <20//xm2 to 103//i.m2) and, to a 
lesser degree, between different areas of any particular 
sample. The vacancy islands do not appear to serve as nucle- 
ation sites during film growth, however they may serve as 
sources for Cu migration onto the surface during later stages 
of growth since they often persist through several monolay- 
ers of growth. 

In Figs. 2(a) and 2(b), sequential growths of 0.2 and 0.4 
ML of Co are shown. Co islands are clearly visible on the 
terraces. A monatomic step is visible on the left side of Fig. 
2(a), while a three-step step band is visible on the right side 
of Fig. 2(a), running diagonally across the image. The two 
dark spots in Fig. 2(a) are vacancy islands in the substrate. 
By 0.4 ML coverage, Fig. 2(b), it can be seen that the Co 
islands are beginning to coalesce. By contrast, Fig. 2(c) 
shows a micrograph of a 0.3 ML film grown under identical 
conditions (pressure <3X 10~10 mbar, temperature mea- 
sured by thermocouple between 20 and 30 °C) on a different 
substrate. There is very little island formation and a great 
deal of roughening of steps. There is also the formation of 
large meandering vacancy islands on the terraces. We will 
refer to this mode as step edge mediated growth. The top 
third of the micrograph shows a bunched step band with 
many kinks. The kinks make some of the step edges seem 
nonorthogonal. The roughened step edges align mostly along 
crystallographic axes (110). Islands have nucleated preferen- 
tially along the up side of step edges. This may be indicative 
of an Ehrlich-Schwoebel barrier.23 A 0.3 ML film on an- 
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TABLE I. Island statistics for three sequential growths of Co/Cu(100). 

Coverage Coverage Island density       Average island area 
(ML) (% surface area)       (islands/nm2) (nm2) 

0.1 
0.2 
0.4 

12 
21 
35 

0.0222 
0.0287 
0.0204 

4.8 
5.6 

10.4 

other substrate is shown in Fig. 2(d). This film exhibits both 
island growth and extensive reordering of step edges, i.e., is 
a combination of the island growth and step edge mediated 
growth modes. The bare Cu(100) surfaces of the films shown 
in Fig. 2, when imaged in a scanning electron microscope 
(SEM) prior to deposition, appeared similar to that shown in 
Fig. 1. 

We have investigated many films grown on several differ- 
ent substrates and found a continuum of combinations of the 
island growth and step edge mediated growth modes. We 
have attempted to correlate the growth mode to the following 
factors without success: C and O contamination as measured 
by broad beam Auger electron spectroscopy (AES), average 
terrace width, density of vacancy islands in the substrate, 
growth temperature between 300 and 360 K, average step 
band width and percentage of the surface covered by step 
bands. The most obvious explanation would be that the ter- 
race width is greater than the adatom diffusion length for 
island growth and significantly less than the diffusion length 
for step edge mediated growth. The three films in Fig. 2, 
however, have nearly the same average terrace width and 
were all grown at -300 K. Analysis of other images of the 
film shown in Fig. 2(c) indicated that single height steps 
between step bands may be common. This would make the 
actual terrace width less than that of the other films shown in 
Fig. 2, and perhaps less than the average random walk dis- 
tance between nucleation sites. 

We have analyzed images from the film shown in Figs. 
2(a) and 2(b) for coverages of 0.1, 0.2, and 0.4 ML, and 
assembled the data in Table I. Column one is the coverage in 
ML as determined by AES. Column two is the percent of the 
surface covered by islands, which is fairly consistent with 
the coverage in ML. In the 0.4 ML film we begin to see 
a measurable amount of second layer coverage 
(-0.003 ML). Column three is the island density. The de- 
crease in island density from 0.2 to 0.4 ML is indicative of 
coalescence. Column four is the average island area. The 
island size distribution of the 0.1 and 0.2 ML films, which 
have a single peak, are typical of island nucleation.24 The 
island size distribution of the 0.4 ML film has a major peak 
followed by a minor one. 

The formation of rectangular pits from small pinholes in 
Co/Cu(100) after annealing has been reported by Schmid 
et a/.16 They concluded that Cu migrated from these pits to 
form a capping layer. Similar pinholes were reported by Gie- 
sen etal}1 for room temperature growth of Co/Cu(l 1 17). 
They found that the size of these pinholes increased and the 
density decreased upon annealing. They also found a dra- 
matic roughening of step edges at the beginning stages of 

film growth. Terraces on their vicinal surfaces are aligned 
along (110), and roughening took the form of steps oriented 
perpendicular to the original step direction. Giesen et al. cal- 
culated the change in surface energy for the formation of a 
pit. Initially the surface energy increases significantly with 
the size of the pit, then decreases beyond a critical size. 
Because of this they question why the pits form at all. They 
then calculated the elastic energy stored in the film due to 
misfit strain and the change in energy due to strain relief by 
formation of a pit. For thicker films they find significantly 
more elastic energy than surface energy stored in the pits. 
They concluded that the relief of misfit strain is the driving 
force behind the enlargement of pits upon annealing. 

We find similar pits in our films without annealing, and 
they appear to form differently. Early stages of such pits can 
be seen in Figs. 2(c) and 2(d). After continued Co growth 
these pits will appear similar [see, e.g., Fig. 4(b)] to those 
described separately by Schmid and Giesen. We believe that 
surface energy may be a significant component in pit forma- 
tion along steps, at least in the early stages of growth. The 
pits along step bands in our experiments seem to form from 
the reorientation of randomly oriented steps along mainly 
(110) directions rather than the spontaneous formation of 
rectangular pits. Step bands often follow curves between pin- 
ning sites, thus the step edges have a high density of kinks. 
When a Co adatom adheres to a step edge it is probably free 
to move along the step25 until it encounters another Co atom 
or adheres to a kink site. Once one or more Co atoms are 
trapped, the surface energy may be lowered if Cu atoms 
move to surround the Co atom. This produces a reordering of 
the step in the region surrounding the Co atoms. The new 
step faces will prefer to be (110), since this has the lowest 
surface energy (see below). If such sites are arranged ran- 
domly along a step one can imagine a step forming a jagged 
edge such as that indicated by the arrow and the jagged dark 
line inserted in Fig. 2(a). Pits on terraces where island 
growth occurs appear to form due to incomplete Co cover- 
age, and their growth likely proceeds, as described by Giesen 
etal}1 Pits on terraces where step edge mediated growth 
occurs seem to form due to the exchange process described 
above. 

We have estimated the change in free energy for the re- 
arrangement of atoms in the vicinity of a Co step adatom. 
The free energy of a collection of atoms is found from 

rtot= "COTCO+ »CuTCu+ "Co-CuTCo-Cu - 

where nCo and nCa are the number of dangling Co and Cu 
bonds, yCo and yCu are the surface free energies per bond, 
"co-cuis the number of Co-Cu nearest-neighbor bonds, and 
Tco-Cu is the interfacial free energy per bond. Here we have 
considered only nearest-neighbor bonds. We used 
yCo=l.leV per atom,26 yCu=0.77 eV per atom,26 and 
yCo_Cu=0.063 eV per atom27 and divided by four to find the 
energy per bond (y). Including strain in this calculation 
changes the result negligibly and never changed the sign of 
the calculated energy. The strain contribution was therefore 
omitted. The free energy per unit cell of a (110) step is only 
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FIG 3 Examples of morphological changes near a Co adatom (solid circle) 
near Cu (open circle) steps and kinks on Cu(lOO) and the associated change 
in surface free energy. Arrows denote the movement of atoms, lines denote 
step edges, and shaded regions denote terraces above steps. 

slightly lower than that of a 100 step (1.88 eV/a0 vs 
1 90 eV/a0)- There is' however, a significant difference in 
the free energy per atomic site (1.33 eV/site vs 1.90 eV/site), 
where the atomic site refers to the atom at the step edge and 
its nearest neighbors in the plane below, which may also 
have a different number of dangling bonds. Thus a rearrange- 
ment of the same number of atoms from a (100) step into a 
(110) step will reduce the free energy. 

In Fig. 3 we show a few examples of how altering step 
edge morphology results in lowering the free energy of Cu 
step atoms near Co adatoms. Open circles are Cu atoms, 
solid circles are Co atoms, solid lines are step edges, and 
shaded regions denote terraces above steps. Arrows indicate 
the movement of individual atoms, and the calculated change 
in surface free energy is listed in eV. These energies are 
significant when compared to an estimated activation energy 
for Co adatom diffusion across a Cu(100) terrace of 
0.4-0.5 eV. To our knowledge this activation energy has not 
been reported in the literature, however we consider it rea- 
sonable to assume it is close to the energies for Cu/Cu(100) 
of 0.40 eV (Ref. 28) and Co/Co(100) of 0.49 eV. The 
change in surface energy is -0.75 eV for Co dimer nucle- 
ation on terraces. 

From the examples in Fig. 3 we can see how surface 
energetics may play a role in step edge restructuring for 
(100) steps [Figs. 3(a)-3(d)] and (110) oriented steps [Figs. 
3(e) and 3(f)]. Surface energy is lowered significantly as a 
Co adatom moves along a step and is then incorporated into 
the step at a kink site, as in Figs. 3(a) and 3(f). Once a Co 
atom is incorporated into a step the energy may be lowered 
further by Cu atoms surrounding it, as in Figs. 3(b)-3(e). For 
a step initially along (100), this restructuring creates short 
segments of (110) step edges, as in Figs. 3(b)-3(d). Cu at- 
oms further along the step may continue to rearrange in order 

FIG. 4. (a) An 11.6 ML Co/Cu(100) film illustrating the island growth mode, 
(b) A 2.30 ML Co/Cu(100) film illustrating the step edge mediated growth 

mode. 

to lengthen these (110) segments, thus lowering the energy 
even more. Multiple Co incorporation sites along a (100) 
step edge may then create a jagged shape such as that seen in 
Fig. 2(a). For a step initially along (110), the restructuring 
will be slightly different. Step edges will still want to be 
along (110), therefore more rearrangement of Cu atoms will 
be necessary in order to surround the Co atoms and maintain 
(110) steps. An example of this can be seen in Fig. 2(d), 
where the original step edge direction and the direction of 
the restructured step are principally along (110). This differ- 
ence between a step initially along (100) and (110) may be 
responsible for the island and step edge mediated growth 
modes. Incorporation into a step is much more energetically 
favorable at a (110) kink site, Fig. 3(0, than at a (100) kink 
site, Fig. 3(a). If a step is initially along (110) and the terrace 
width is relatively narrow, the step edge growth mode may 
dominate. If a step is initially along (100), then fewer Co 
atoms will be incorporated into the step, and the island 
growth mode may dominate. For highly curved steps and 
intermediate orientations a combination of the two growth 
modes will be present. 

For higher coverages the island growth mode proceeds as 
simultaneous multilayer growth. By about 0.8 ML coverage, 
a second layer typically covers about 10% of the first layer. 
The first layer is almost completely filled in by about 2 ML 
coverage, except for the pits described earlier, which vary in 
size and density between different films. Three layers are 
easily distinguished for subsequent coverages, with the top 
layer oscillating between about 1% and about 50% coverage. 
An example is shown in Fig. 4(a). In this 11.6 ML film, three 
layers are clearly seen. The top layer covers about 10% of 
the surface, the next layer about 50%, and the lower layer 
about 40%. The dark bands are believed to be misfit dislo- 
cations along (110). 

When the step edge mediated growth mode is dominant, 
higher coverages of films grow somewhat differently. The 
etching features in the steps begin to form rectangular 
shapes, then eventually become separate rectangular pits. As 
growth continues, these pits slowly fill in. An example of 
such a film is shown in Fig. 4(b), which is the film shown in 
Fig. 2(c) after another 2 ML of Co has been deposited (2.3 
ML total). Most of the pits in this film were probably formed 
at steps, some of which were in step bands and some of 
which were single height steps in the middle of terraces. The 
recorded intensity contrast in this micrograph can be sepa- 
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rated into three levels: the brightest (topmost) which occu- 
pies — 50% of the surface area, the middle which occupies 
—40%  of the surface area, and the pits which occupy 
— 10%. Since the pits (bare substrate) occupy 10% of the 
surface area, two layers of coverage would require 1.8 ML of 
growth.  Another 0.5  ML of growth  would  then  cover 
— 50% of the surface. This is consistent with 2.3 ML total 
coverage. We have analyzed many such micrographs with 
similar results, indicating that growth occurs by incomplete 
single layers rather than bilayers. The average pit size for 
this micrograph is 9.8 ± 6.9 nm2, and the pit density is 
7Xl03//um2. We cannot determine whether the topmost 
layer consists of Cu or Co. 

The growth mechanisms of these films are clearly quite 
complicated. We have identified two growth modes that ap- 
pear to contribute to the morphology: island growth and step 
edge mediated growth. We have shown how surface energy 
considerations may be used to help explain the beginning 
stages of these growth modes, and how step orientation may 
cause one mode to be dominant. In later stages, we expect 
some combination of surface and strain energies to be re- 
sponsible for the observed morphology. 

IV. MAGNETIC PROPERTIES 

Co/Cu(100) films grown in this study became ferromag- 
netic at RT at about 1.7 ML, regardless of the growth mode. 
For films exhibiting nearly pure island growth, this corre- 
sponded to complete coverage of the first layer. Zero field 
susceptibility in the paramagnetic regime and remanence in 
the ferromagnetic regime generally increase with coverage. 
In many of our films we detected a second magnetic phase 
with out-of-plane remanence and a coercivity 5-10 times 
larger than the in-plane value. There appears to be a correla- 
tion between out-of-plane remanence and terrace width. We 
did not detect out-of-plane remanence in any films with 
>100nm terrace width, and out-of-plane remanence ap- 
peared to be more likely to occur for very narrow terraces 
(<50nm). 

We consider four possible causes for the out-of-plane re- 
manence. One possibility is that (111) surfaces are created 
by (110) steps bunched completely together. This could hap- 
pen in the walls of the pits, or along step bands. The (111) 
surface atoms have biaxial in-plane anisotropy29 oriented 
along (110) directions, thus their easy axis could be aligned 
at 45° from the sample normal. For the sample in Fig. 4(b), 
— 5% of the area could be composed of such surfaces. A 
second possible cause is due to the growth process described 
earlier. If a large number of Co atoms are surrounded by Cu 
atoms at steps, then an alloy could be formed. Evidence for 
perpendicular remanence has been reported for Co-Cu 
alloys,2 however the authors did not report a larger polar 
coercivity. The third possibility is that of a Cu capping layer, 
which also has been shown to produce perpendicular 
remanence.8 Different coercivities could be the result of 
changes in Cu overlayer thickness.12 Other groups16,17 report 
Cu overlayers forming upon annealing, concurrent with the 
formation and growth of pits, through which they believe the 

Cu is migrating. Since pits form in our surfaces during 
growth at RT, it is possible that Cu is also migrating to the 
surface through these pits. 

The fourth possibility is due to the uniaxial anisotropy of 
atoms along the bottom of a (110) step (denoted "step cor- 
ner" by Chuang et a/.29). The easy axis is canted 45° from 
the sample normal and aligned along the step direction.29 

The magnetization of these atoms may couple to neighboring 
atoms, creating an out-of-plane component in the affected 
atoms. We have performed one-dimensional (ID) micromag- 
netic calculations which indicate that this may be a signifi- 
cant effect for regions magnetized parallel to the step direc- 
tion. Continued work in this area is in progress and will be 
published at a later date.30 

We have examined the RT macroscopic magnetic proper- 
ties of Co/Cu(100) films grown at RT, as well as the associ- 
ated film morphology. We find that films which exhibit the 
island growth mode become ferromagnetic when the first Co 
layer is essentially complete. Films which exhibit a combi- 
nation of the island and step edge mediated growth modes 
become ferromagnetic at the same coverage (—1.7 ML), 
however this does not correspond to complete coverage of 
the first Co layer. We have detected out-of-plane remanence 
in many films, and offered several possible explanations for 
its existence. 

ACKNOWLEDGMENTS 

The authors would like to thank Akira Sugawara for use- 
ful discussions and Dmitry Streblechenko for his image pro- 
cessing program. This work is supported by the Office of 
Naval Research under Grant No. N00014-93-1-0099. 

'N. D. Mermin and H. Wagner, Phys. Rev. Lett. 17, 1133 (1966). 
2M. T. Kief, G. J. Mankey, and R. F. Willis, J. Appl. Phys. 70, 5929 
(1991). 

3C. M. Schneider, P. Bressler, P. Schuster, J. Kirschner, J. J. de Miguel, 
and R. Miranda, Phys. Rev. Lett. 64, 1059 (1990). 

4G. J. Mankey, M. T. Kief, and R. F. Willis, J. Vac. Sei. Technol. A 9, 
1595 (1991). 

5F. Huang, M. T. Kief, and G. J. Mankey, Phys. Rev. B 49, 3962 (1994). 
6J. J. De Miguel, A. Cebollada, J. M. Gallego, S. Ferrer, R. Miranda, C. M. 
Schneider, P. Bressler, J. Garbe, K. Bethke, and J. Kirschner, Surf. Sei. 
211, 732 (1989). 

7F. O. Schumann and J. A. C. Bland, J. Appl. Phys. 73, 5945 (1993). 
8P. Krams, F. Lauks, R. L. Stamps, B. Hillebrands, and G. Guntherodt, 
Phys. Rev. Lett. 69, 3674 (1992). 

9D. Kerkmann, D. Pescia, and R. Allenspach, Phys. Rev. Lett. 68, (1992). 
,0T. Beier, H. Jahrreiss, and D. Pescia, Phys. Rev. Lett. 61, 1875 (1988). 
"D. Kerkmann, Appl. Phys. A 49, 523 (1989). 
I2F. O. Schumann, M. E. Buckley, and J. A. C. Bland, J. Appl. Phys. 76, 

6093 (1994). 
13B. N. Engel, M. H. Wiedmann, R. A. Van Leeuwen, and C. M. Falco, 

Phys. Rev. B 48, 9894 (1993). 
,4H. Li and B. P. Tonner, Surf. Sei. 237, 141 (1990). 
,5S. Ferrer, E. Vlieg, and I. K. Robinson, Surf. Sei. Lett. 250, L363 (1991). 
I6A. K. Schmid, D. Atlan, H. Itoh, B. Heinrich, T. Ichinokawa, and J. 

Kirschner, Phys. Rev. B 48, 2855 (1993). 
17M. Giesen, F. Schmitz, and H. Ibach, Surf. Sei. 336, 269 (1995). 
I8A. Berger, U. Linke, and H. P. Oepen, Phys. Rev. Lett. 68, 839 (1992). 
,9M. T. Kief and W. F. Egelhoff, Jr., Phys. Rev. B 47, 10 785 (1992). 
20K. R. Heim, S. D. Healy, Z. J. Yang, J. S. Drucker, G. G. Hembree, and 

M. R. Scheinfein, J. Appl. Phys. 74, 7422 (1993). 
2IZ. J. Yang and M. R. Scheinfein, J. Appl. Phys. 74, 6810 (1993). 
22D. Streblechenko (private communication). 

JVST A - Vacuum, Surfaces, and Films 



1790 Coyle, Hembree, and be.     .fein: larowin, murpnuiuyy, aim mayucm. K1 "("•'•  *•  

23G. Ehrlich and F. Hudda, J. Chem. Phys. 44, 1039 (1966). :7Y. W. Lee, K. C. Russell, and H. I. Aaronson, Scr. Metall. 15, 723 
24J A Venables, G. D. T. Spiller, and M. Hanbucken, Rep. Prog. Phys. 47, (1981). 

399 (1984) V 28J. J. Miguel, Surf. Sei. 189/190, 1062 (1987). 
"There is evidence that the diffusion barrier for motion along a step is 29D. S. Chuang, C. A. Ballentine, and R. C. O'Handley. Phys. Rev. B 49, 

lower than the barrier for diffusion across a terrace. See, for example, P. 15 084(1994) J „ n c u • r ■    , w     c ■ T   t,n„i 
Stoltze J Phys Condens. Matter 6, 9495 (1994) and references therein. 30S. T. Coyle, G. G. Hembree, and M. R. Scheinfein, J. Vac. Sei. Technol. 

26L. Z. Mezey and J. Giber, Jpn. J. Appl. Phys. 21, 1569 (1982). A, these proceedings. 

J. Vac. Sei. Technol. A, Vol. 15, No. 3, May/Jun 1997 



PHYSICAL REVIEW B VOLUME 56, NUMBER 14 OCTOBER 1997-11 

Room-temperature dipole ferromagnetism in linear-self-assembling mesoscopic Fe particle arrays 
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Quasi-one-dimensional, nanometer-diameter Fe particle arrays have been prepared by self-organized shadow 
growth on regularly faceted NaCl (110) surfaces. A room-temperature dipole-ferromagnetic phase was ob- 
served for linear arrays of Fe particles with radii larger than 2.5 nm. Surface magneto-optic Kerr magnettzation 
curves indicate easy-axis alignment along the rows of particles. Remanence and coercivity were strong func- 
tions of particle diameter and linear island density. Experimental results are compared with Monte Carlo 
micromagnetics calculations, which, with no free parameters, reproduce the experimental observat.ons. 

[SO 163-1829(97)5043 8-3] 

Magnetic particle systems are ideal for studying interac- 
tions and phase transitions,1 and are also of interest for ap- 
plication to high-density magnetic storage devices. Recent 
experiments in surface and low-dimensional magnetism have 
focused on the properties of surfaces and small particles in 
order to explore the structure and dynamics of interactions at 
small length scales. Advanced synthesis methods for the 
preparation of transition-metal nanoclusters,2 ordered nano- 
scale dot-arrays,3 nanostructured magnetic-networks, 
submicron5 and nanometer width wires,6 and random two- 
dimensional arrays7 allow new and unusual magnetic phases 
to be explored. Although the Neel and Brown theories for 
relaxation in isolated magnetic particles predict relaxation 
times that are less than microseconds for 6-nm- (bulk- 
anisotropy) diameter Fe particles at room temperature, 
closely packed mesoscopic linear arrays can be remanent and 
coercive (ordered).9 Long-range interactions have been stud- 
ied by ferromagnetic resonance,10 Mössbauer 
spectroscopy,9'" mean field calculations12 and Monte Carlo 
simulations.7 Identifying the mechanism underlying the in- 
teractions is facilitated by the preparation of 3 ^-transition 
metal islands in and on insulators like Si02 (Ref. 10), MgO 
(Ref. 10), and CaF2 (Ref. 7), which guarantees that particles 
do not couple through electronic states in the substrate. Here, 
we report on the observed and computed magnetic properties 
in linear self-assembling arrays of nanometer-diameter Fe 
particles. The formation of linear arrays intrinsically breaks 
the symmetry in the interaction Hamiltonian, thereby stabi- 
lizing long-range order. Self-assembly6'13 is used to form 
rows of closely packed (2.1 X 1012/cm2) nanometer-diameter 
Fe islands on an amorphous, insulating substrate (SiO). 
Self-assembly13 facilitates the fabrication of macroscopic 
(3 mmX3 mm) arrays, which would take prohibitively long 
to define using an electron-beam or scanning-tunneling 
microscope-based lithography (e.g., Ref. 3). The Fe island 
radius, island density, the width and separation of the linear 
island arrays can be varied experimentally in the self- 
assembled growth process for exploring new magnetic 
phases. Here, we demonstrate how particle diameter in linear 
magnetic island arrays can be varied to establish a dipole- 
induced ferromagnetic state above room temperature. 

The linear self-assembling arrays of nanometer-diameter 
Fe particles are prepared in UHV (2.0X 10"10 mbar).  A 

schematic depicting the deposition process is shown in Fig. 
1. A polished and H20-etched single crystal of NaCl (110) is 
annealed in situ. Regular (nano) grooves result when {100} 
planes form (facet). This reduces the surface free energy by 
reducing the area of high-energy (110) planes.13 The spacing 
of the grooves is a function of the annealing temperature and 
time. Ten minutes of annealing at 380 °C produce an average 
trough-to-trough groove spacing of 40 nm. The Fe islands 
should be randomly oriented and polycrystalline since the 
goal is to examine the influence of the geometrical particle 
alignment independent of any intrinsic spin-orbit-induced 
crystal fields. This is accomplished by coating the NaCl sur- 
faces with an amorphous SiO layer; SiO prevents any epi- 
taxial alignment between the Fe islands and the single crystal 
NaCl. Fe was deposited from an electron-beam evaporator 
aligned 70° off the template normal. We show results from 
three different nominal Fe thicknesses (f=0.3,0.6,1.0 nm) 
grown at a rate of 0.03 nm/min (normal to the terraces) on a 
substrate heated to 190 °C (thickness as defined in Ref. 7). 
Fe adatoms agglomerate on SiO in a three-dimensional 
nucleation and growth mode, where the elevated temperature 
decreases the nucleation density and liquidlike coalescence is 
enhanced. The Fe islands are expected to nucleate in the 
narrow bands exposed to the Fe flux, which here comprise 
27% of the ridge-to-ridge distance (10 nm). After Fe depo- 
sition, the surface was covered with a 10-nm SiO passivation 
overlayer. 

SiO deposition 

Fe flux 

[110] 

[001] 

[110] 

a-SiO 
NaCl (110) 
substrate 

Fe'dots 

FIG.   1.   Schematic   depiction   of  the   preparation   of  self- 
assembling nanometer-diameter arrays of Fe islands (see text). 
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FIG. 2. Magnetic and structural properties of linear arrays of Fe 
particles of nominal diameter D = 3.3 nm (top row). 5.1 nm (middle 
row), and 6.7 nm (bottom row). SMOKE hysteresis loops taken 
along the easy direction, along the wire (left most column), and 
perpendicular to the wire, the hard direction, (center column) are 
shown with solid symbols. The Monte Carlo micromagnetics simu- 
lated hysteresis loops are plotted with solid lines. ADF-STEM im- 
ages of each linear array are shown (right most column) for each 
nominal particle size. 

The microstructure in the linear arrays was examined us- 
ing conventional transmission electron microscopy, TEM 
(Topcon EM-002B) and high resolution annular dark-field 
scanning transmission electron microscopy, ADF-STEM 
(VG HB-501). Results are given in Fig. 2. The column of 
images on the right-hand side displays ADF-STEM images 
of ultrafine particle arrays, with the different (nominal) is- 
land diameters indicated. The separated and distinct islands 
are seen in bright contrast and are aligned parallel to the 
nanogrooves. Electron diffraction patterns, formed from irra- 
diating large numbers of Fe islands, showed that these is- 
lands were randomly oriented polycrystalline bcc Fe. No iron 
oxide phases were detected. Particles along the lines are 
clearly separated, and the large interline distance is clearly 
visible. Typically, lines of particles have a length of 1-10 
/im; the aspect ratio is about 100:1. The intermediate con- 
trast between particles results from fluctuations in the SiO 
underlayer and overlayer thicknesses, and is not related to 
the Fe. No particle-to-particle crystalline orientation, and no 
interparticle lattice fringes (bridges) were detected in 
HRTEM images (not shown). Particle size statistics were 
obtained by image analysis of several 200X200nnr areas 
for each film. The particle size statistics are summarized in 
Table I. 

The microstructural evolution driving the formation of the 
linear arrays is dominated by the high Fe island nucleation 
density (>2X 1012 cm-2) in areas exposed to the Fe flux. 
The initial distance between nuclei (<7 nm), and the initial 
island diameter (<2nm) is smaller than the width of the 

TABLE I. Average particle diameter (mean diameter of island- 
size distribution), island density and interparticle spacing for the Fe 
particle arrays grown at 190 ^C. The nucleation density is normal- 
ized to the area exposed to Fe flux, i.e., the array wire width. 

Thickness 
(nm) 

Diameter 
(nm) 

Density 
(nirT2) 

Spacing 
(nm) 

0.3 
0.6 
1.0 

3.3 ±1.8 0.0216 6.8 
5.1±2.8 0.0136 8.6 
6.7±3.2 0.0118 9.2 

area exposed to the Fe flux. Several islands can nucleate 
across the area exposed to the Fe flux. A small amount of Fe 
might escape from the flux zone due to the adatom concen- 
tration gradient formed at the shadow edge. However, this 
effect appears to be negligible since most adatoms are effec- 
tively captured by pre-existing islands. At later stages of 
growth at 190 °C substrate temperatures, liquidlike coales- 
cence of smaller islands keeps the Fe island perimeters cir- 
cular (ADF images in Fig. 2). Elevated substrate tempera- 
tures round the Fe island surface quickly enough to reduce 
the surface-energy penalty caused by two neighboring is- 
lands that are touching. In contrast, at room temperature, thin 
wire arrays are formed6 at an early stage because of slow Fe 
self-diffusion on the surface. Since the Fe island diameter is 
on the same order as the terrace width in D - 6.7 nm case, 
the microstructure approaches a one-dimensional linear par- 
ticle array. 

The magnetic properties of the arrays were measured ex 
situ at room temperature using the longitudinal magneto- 
optical Kerr effect (SMOKE).14 In Fig. 2, results are shown 
for linear arrays of Fe particles of nominal diameter D 
= 3.3 nm (top row), 5.1 nm (middle row), and 6.7 nm (bot- 
tom row). Experimental SMOKE hysteresis loops are shown 
with solid symbols. Loops were taken along the easy direc- 
tion, along the wire array (left most column), and perpen- 
dicular to the wire array, in the hard direction (center col- 
umn). Kerr loop acquisition times were on the order of 
seconds to ensure that equilibrium magnetization configura- 
tions were measured. The computed hysteresis loops from 
Monte Carlo micromagnetics7 simulations are plotted with 
solid lines. 

Monte Carlo models were used to evaluate the magnetic 
properties of the linear arrays as a function of particle radius 
and density7,15 because the Monte Carlo method rigorously 
accounts for fluctuations. Simulations used periodic bound- 
ary conditions, and between 200 and 400 islands randomly 
arranged into 3 to 5 wires. The model employs an all-orders 
interparticle interaction Hamiltonian.7 As input, the model 
uses the bulk saturation magnetization value, an adjustable 
externally applied field and the experimental-size distribu- 
tion of Fe islands given in Table I. The average island diam- 
eter is the mean diameter of the island-size distribution. The 
variation in the island diameter is the standard deviation of 
the Gaussian fit to the island-size distribution. The slightly 
irregular experimental island shapes are approximated by 
cylinders. The cylindrical approximation is justified because 
there is no orientational order in the films (except the lines) 
and the intraisland demagnetization fields due to random in- 
dividual island orientation averages out over the entire film 
surface. Hysteresis loops are calculated by finding an equi- 
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FIG. 3. Order parameter (Maiong Km/M5) as a function of tem- 
perature and nominal Fe island diameter computed from Monte 
Carlo micromagnetics. 

librium magnetization distribution for an externally applied 
field value. The magnetization accumulators are reset, the 
external field value changed, and the previous final magneti- 
zation state is preserved as the initial distribution for the next 
Monte Carlo cycle. 

Figure 3 shows the computed normalized magnetization 
as a function of temperature for the three distributions of 
islands given in Table I and shown in Fig. 2. The ordering 
temperature increases with increasing particle diameter as m 
the two-dimensional random array case. Increasing the 
number of lines and changing the particle distribution for 
alternative random seeds produce a 10% variation in the re- 
manence, as indicated by the error bars in Fig. 3. In contrast 
to the two-dimensional case, the linear arrays order globally 
rather than locally. This demonstrates that the linear particle 
arrays order ferromagnetically due to interparticle magneto- 
static dipole fields. This is solely due to the symmetry break- 
ing in the geometric structure of the array. For particles of 
the appropriate size and proximity, room temperature dipole 
ferromagnetism can be observed. If only bulk anisotropy 
were present, the arrays would be superparamagnetic at room 
temperature. Interface anisotropy, which can be orders of 
magnitude larger than volume anisotropy in thin film sys- 
tems, has no preferred in-plane orientation and thus cannot 
be responsible for the long-range order. With typical demag- 

*Present address: JAIST, 1-1 Asahi-dai, Tatsunokuchi, Ishikawa, 
923-12, Japan. 
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field decay lengths set by the particle diameter. The close 
proximity of the particles forces neighboring particles to lie 
in each others (large) stray field resulting in long-range or- 
der. 

A transition to a room temperature, remnant and coercive 
ferromagnetic state is observed with increasing island diam- 
eter (Fig. 2). The easy axis hysteresis loop for D-5.1 nm 
shows an abrupt jump in both the experimental (Hc<5 Oe, 
our experimental resolution limit) and computed (Hc 

< 1 Oe) loops. Figure 3 shows that this array is just at the 
transition to its ordered state at room temperature. The larger 
islands, D = 6.7 nm, show easy axis remanence and coerciv- 
ity in both measured and computed hysteresis loops. The 
predictive value of the model with no free parameters is evi- 
dent in Fig. 2. Dipole ferromagnetically ordered films have 
an easy axis along the wire since the shape anisotropy in that 
direction is small. Since the particles have no preferential 
crystallographic orientation in the film plane, magnetocrys- 
talline anisotropy is also negligible. Therefore, the anisot- 
ropy that orders the array is ascribed to the strong magnetic 
interaction between self-aligned particles. 

We have fabricated mesoscopic linear arrays of Fe par- 
ticles whose size and spacing allow them to couple through 
the interparticle magnetostatic field and order ferromagneti- 
cally, even at room temperature. The experimentally deter- 
mined magnetic properties of these arrays were compared to 
those predicted by a Monte Carlo micromagnetics simulation 
with no free parameters. The computation predicts global 
ordering at room temperature through dipole fields, and the 
computed hysteresis loops accurately reproduce the results of 
the experiment. 
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Three types of mesoscopic magnetic microstructure have been formed using self-organization: 
linear arrays of nanometer diameter islands, nanometer width lines, and undulating, continuous 
films. These structures were produced by annealing NaCl (110) and (111) surfaces in situ to produce 
patterned templates with 10-100 nm periodicity. Growth parameters such as groove spacing, 
substrate temperature and total deposit thickness can be varied in order to define specific mesoscopic 
magnetic structures. The microstructural evolution during growth is discussed in the context of 
nucleation and coalescence kinetics. The resulting magnetic properties are described, and their 
connection to the underlying microstructure elucidated. © 7997 American Institute of Physics. 
[S0021-8979(97)08323-0] 

I. INTRODUCTION 

Mesoscopic magnetic microstructures such as dot and 
wire arrays are of fundamental interest in the study of cou- 
pling and ordering phenomena. From a technological point 
of view, mesoscopic magnetic structures may produce the 
future topologies for magnetic storage media. For example, 
three-dimensional random particle arrays prepared by co- 
deposition of magnetic and nonmagnetic materials have good 
high-frequency response and giant magnetoresistance (e.g., 
Ref. 1). The magnetic properties of these structures depend 
strongly on the size and spacing of the particles, the concen- 
tration of the magnetic element, the growth rate and the sub- 
strate temperature (e.g., Ref. 2). Since heterogeneous mag- 
netic particle composites do not have geometrical order, 
there is no anisotropy in the film plane. However, in-plane 
anisotropy can be developed by controlling the shape and the 
spacing of the particles such that the magnetic switching 
which is characterized by the subtle balance between anisot- 
ropy, self-energy, magnetic coupling between particles, and 
thermal agitation will be well defined. 

Specimens with well-defined in-plane anisotropy result- 
ing from specific mesoscopic, geometrical configurations in- 
cluding nanometer size dot and wire arrays have been fabri- 
cated by laser-focused atomic deposition,3 electron 
lithography4 and local chemical decomposition of metal- 
organic gas with a scanned probe.5 Switching mechanisms in 
these arrays have been studied by magnetic force 
microscopy.5 The throughput for producing nanometer size- 
scale structures with lithographic methods may be low,6 and 
the large areas required for studying macroscopic and collec- 
tive magnetic properties can be difficult if not impossible to 
process. 

In contrast, our approach is based on self-organization: 
regular patterns are spontaneously formed in a nonequilib- 
rium system, as in the self-assembling preferential nucleation 
of hexagonal Co dot arrays on the reconstructed Au(lll) 

"'Present address: Schools of Materials Science, Japan Advanced Institute of 
Science and Technology, Asahi-dai 1-1, Tatsunokuchi, Ishikawa 923-12, 
Japan. 

b)Electronic mail: michael.scheinfein@asu.edu 

surface.7 We use self-assembly through shadow deposition 
on patterned templates, i.e., the self-masking caused by 
large-scale surface features. This is a geometrical effect 
which does not depend strongly on the deposited material. 
Our method is similar to that proposed by Shinjo8 who grew 
a wire array by shadow deposition on a sub-micrometer 
spaced Si grating that was fabricated by lithography and se- 
lective etching. By contrast, we prepare grating templates by 
self-organization on NaCl noncleavage [(110) or (111)] 
planes which become faceted and patterned regularly after 
thermal annealing.9 This method allows 10-100 nm spaced, 
statistically uniform grooves to be formed across centimeter 
lengths in tens of minutes, although the regularity of the 
grooves produced by this method is less than that produced 
lithographically.10 

We have investigated the relationship between the mi- 
crostructure and such growth conditions as the annealing 
temperature of NaCl before deposition, growth temperature 
and the incident angle of the deposited Fe flux, and the effect 
on the resultant macroscopic magnetic properties. Three 
types of the microstructure are described; linear dot arrays, 
wire arrays, and undulating continuous films. The evolution 
of the microstructure is explained in terms of nucleation and 
coalescence kinetics associated with island growth. The 
magnetization switching processes in these mesostructures 
which is quite different from those ascribed to flat, continu- 
ous Fe films, are also described. 

II. EXPERIMENTAL PROCEDURE 

Optical-grade (111) and (110) polished NaCl single 
crystals (miscut angle <3°) were used as substrates." These 
substrates were etched in de-ionized water for several sec- 
onds to remove surface contamination prior to loading into 
an ultrahigh vacuum growth chamber (base pressure ~3 
X 10-8 Pa) equipped with Fe electron-beam and SiO thermal 
evaporation sources. Annealing these substrates in situ pro- 
duces ordered templates. The annealed (110) oriented sub- 
strates form long, straight in-plane macrosteps along [001] as 
shown in Fig. 1(a). The (100) and (010) terraces which result 
from the thermal annealing process are tilted by 45° with 
respect to the surface normal. When Fe is deposited at an 
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FIG. 1. Schematic deposition geometry on (a) (110) and (b) (111) templates. 
The NaCl surface becomes faceted by {100} planes, and long and straight 
macrosteps run parallel to (100) directions. 

angle 6 with respect to the surface normal [110] direction, 
terraces exposed to the flux nucleate islands which can coa- 
lesce and form rectangular wires. When (111) oriented NaCl 
crystals are annealed, three crystallographically equivalent 
out-of-plane (100) steps appear as shown in Fig. 1(b). Each 
{100} facet is tilted by 54.7° from the template normal. The 
region exposed to the Fe flux is chevron-hat shaped. The 
step/chevron separation is determined by the annealing tem- 
perature and time. Annealing the NaCl at 350-450 °C for 
10-15 min produces step separations between 10 and 100 
nm. A 10-15 nm SiO passivation layer was deposited di- 
rectly on both types of stepped NaCl surfaces (normal inci- 
dence deposition) since the NaCl substrates must be removed 
prior to characterization using electron microscopy. The sur- 
face topography of the nano-scale stepped NaCl surface is 
well preserved even after the SiO coating, however, the 
smooth surface masks the single atomic steps on the NaCl, 
which might serve as preferential nucleation sites. This also 
prevents the Fe from establishing an epitaxial relationship 
with the single crystal substrates which is important in island 
coupling (strength) studies. 

Fe was deposited from an electron-beam evaporation 
source at a rate between 0.03 and 0.20 nm/min. We denote 
the thickness, t, to be that nominal thickness on an exposed 
terrace in the direction normal to that terrace, e.g., 45° off of 
the (macroscopic) template normal for annealed (110) sub- 
strates. The substrate holder could be rotated with respect to 
the Fe flux direction so that the incident angle of the flux, 6, 
could be varied from 0° (normal) to 80° (Fig. 1). This rota- 

tion allowed for a systematic change of the patch (terrace) 
width exposed to the Fe flux. The substrate holder could also 
be translated with respect to the source. A masked substrate 
was used such that three different thickness films could be 
grown during a single experiment. After Fe deposition, a 
10-15 nm SiO capping layer was deposited to prevent oxi- 
dation upon removal from ultrahigh vacuum (UHV). Thus, 
the magnetically active Fe layer was embedded in a SiO 
matrix. 

Hysteresis loops were recorded ex situ using the longi- 
tudinal magneto-optical Kerr effect (MOKE).12 Since both 
SiO and NaCl are transparent at the He-Ne laser wave- 
length, and the Fe films were extremely thin, the Kerr inten- 
sity was very small. The 2F (first harmonic of the photo- 
elastic modulator) mode12 was employed in order to obtain 
as high a signal-to-noise ratio as possible. Both the sample 
and the magnet could be rotated with respect to the optical 
scattering plane to examine the magnetization components 
parallel and perpendicular to the field, and along and perpen- 
dicular to the macrostep (groove) direction. 

The microstructure was examined using conventional 
transmission electron microscopy [(TEM); Topcon EM- 
002B] and high resolution annular dark-field scanning trans- 
mission electron microscopy [(ADF-STEM), VG HB-501]. 
Specimens were fixed to 200-mesh Cu grids by floating the 
films off of the NaCl substrates in de-ionized water. ADF- 
STEM was required when the Fe particles were smaller than 
a few nanometers in diameter, and the Z contrast from the 
bright field images obtained by TEM was masked by back- 
ground intensity from the SiO layers. The sizes of individual 
particles and wires were quantitatively measured using im- 
age analysis software. 

III. GROWTH MODES ON FACETED TEMPLATES 

Structures grown on facetted templates include linear ar- 
rays of nanometer diameter particles, nanowires with widths 
of tens of nanometers and lengths of microns or more, and 
continuous undulating thin films. The type of structure pro- 
duced depends upon the structure and length scales present 
in the NaCl template (L), the incident angle used to deposit 
the transition metal (0), and the substrate temperature during 
growth (Tg). The NaCl (110) surface sublimes and facets to 
form (100) and (010) terraces during annealing. The depth of 
the grooves (peak to trough) is 5 the distance between peak 
tops or groove bottoms (L). The surface area of the faceted 
surface is always \J2 times larger than the original (110) 
surface. Experimentally, we kept the annealing time constant 
(10 min) and altered the annealing temperature, Ta, in order 
to modify the groove spacing (L) between 25 nm 
(ra=380°C), 40 nm (ra=410°C), and 90 nm (Ta 

=440 °C). 
The area exposed to the incident Fe flux is determined 

by geometrical shadowing as depicted in Fig. 1(a). The ex- 
posed terrace is shadowed by the ridge closer to the evapo- 
ration source. Since all terraces are oriented 45° from the 
surface normal, the percentage of the terrace exposed for a 
given source angle inclination is constant. However, the dis- 
tance between exposed areas and the width of each patch can 
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be controlled by modifying the substrate annealing tempera- 

ture Ta. 
Growth temperature is an important parameter used to 

define microstructure. Fe grows on SiO in a three- 
dimensional island growth mode. The initial growth is char- 
acterized by the competing atomic processes of nucleation, 
adatom capture and surface diffusion. A detailed numerical 
analysis of this process has been carried out for the Ag/Ge 
system.13 Some of the Fe adatoms diffuse out from the geo- 
metrically defined flux region, because an adatom concentra- 
tion gradient is formed at the mask edge. The nucleation 
density is expected to be extremely low outside the patch due 
to low adatom concentration. The grooves can also be pref- 
erential nucleation sites. In later stages of growth, coales- 
cence of neighboring islands takes place. When the growth 
temperature is high, the round shape of the islands is quickly 
recovered after two or more neighboring islands touch be- 
cause surface self-diffusion is fast. This might also cause 
patch broadening: extending the growth front outward from 
the defined flux regions. Thus, by varying the separation of 
the flux-exposed regions through geometrical shadowing, 
and varying the substrate temperature during growth, differ- 
ent nucleation and growth regimes may be exploited in order 
to fabricate linear dot arrays, nanowires, and thin, undulating 

films. 
The processes driving the formation of the linear arrays 

are summarized for high temperature {Tg = \90 °C) and room 
temperature growth in Figs. 2 and 3, respectively. First, con- 
sider the (ideal) growth of a single row of islands along an 
exposed terrace where the island diameter is approximately 
equal to the patch width exposed to the deposited Fe flux 
[Fig. 2(a)]. The growth scheme to form a single particle 
width-linear array includes the initial nucleation of closely 
spaced islands (solid outline), adatom capture by existing 
islands (dotted outline), and finally coalescence (filled). In 
order to grow this type of array, the initial nucleation density 
must be in a range where the coalesced particles will be well 
separated. The diffusion length must be long enough to allow 
adatoms to incorporate into existing islands, yet short enough 
to forbid adatoms from diffusing across the ridge or groove 
to the next terrace exposed to Fe flux. For growth at 
r=190°C, the nucleation density (>2X1012cm   )  is 
maximum where the adatom concentration is maximum [i.e., 
at the patch center in Fig. 2(a)]. When the initial distance 
between nuclei (<7 nm) and the initial island diameter (<2 
nm) is smaller than the width of the area exposed to the Fe 
flux [outlined islands in Fig. 2(a)], several islands nucleate 
across the exposed area. During later stages of growth with 
increased island size, neighboring islands come into contact 
with each other, but at elevated substrate temperatures, sur- 
face diffusion rounds off the Fe island surfaces quickly 
enough to reduce the surface-energy penalty caused when 
two neighboring islands are touching. After each coalescence 
event, the center of the new island resulting from the coales- 
cence is near the center of the joined islands. Islands join and 
form one-dimensional linear arrays through this process. For 
a specific range of deposited Fe [e.g., t = 1.0 nm or, when 
exposed areas would have a uniform film thickness of 1.0 nm 
for the close-packed face of bcc Fe, (110)], the coalesced Fe 
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FIG 2 Schematic evolution process of wire array at high temperature. 
Because of high diffusivity of Fe, the initial nucleation density is low and 
the coalescence kinetics are fast: (a) The initial island nucleation (solid 
outlined), growth (dashed outlined) and coalescence (solid), (b) At higher 
coverages the islands form a continuous network and the wire broadens, (c) 
Concentration profile across the island array during the initial stages of 
growth shown in (a). The wire cross section for the structure shown in (b) 
after more material is deposited. A solid cross-section (asymmetric) is 

shown. 

island diameter (6.7 nm) is roughly as wide as the terrace 
width and the microstructure approaches a one-dimensional 
linear particle array. Linear arrays composed of many par- 
ticles across an exposed terrace can be fabricated by termi- 
nating the growth at lower coverages, thereby preventing is- 
land coalescence. 

During growth at elevated temperatures (7^ = 190 °C), 
adatom diffusion is much faster than at room temperature. 
Elevated temperature growth produces adatom concentration 
profiles that become broader at the shadow edge. This is 
schematically depicted in Fig. 2(c) directly beneath the is- 
land profiles in Fig. 2(a). At elevated temperatures, a small 
amount of Fe might escape from the flux-exposed zone due 
to the adatom concentration gradient formed at the shadow 
edge, and condense at the groove bottom. Experimentally, 
this effect appears to be negligible since no islands are ob- 
served outside of the area exposed to the Fe flux. This ob- 
servation indicates that when the thickness is small, most 
adatoms are captured efficiently by pre-existing islands. 

By contrast, linear arrays of nanowires can be fabricated 
using room temperature growth as illustrated in Fig. 3(a). For 
slow surface diffusion during room temperature growth, the 
adatom concentration is almost constant in the patch exposed 
to Fe flux. As a result, a high density of islands uniformly 
nucleates in the patch [Fig. 3(a)]. The initial islands (diam- 
eter <2 nm) are so small that they cannot be clearly resolved 
by TEM bright-field imaging. Since the profile rapidly drops 
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FIG. 3. Schematic evolution process of wire array at room temperature. 
Because of low diffusivity of Fe, the initial nucleation density is high and 
the coalescence kinetics are slow, (a) The initial island nucleation (solid 
outlined), and growth (solid), (b) At higher coverages, the islands form a 
continuous network, (c) Concentration profile across the island array during 
the initial stages of growth shown in (a). The wire cross section for the 
structure shown in (b). The ultrasmall wire seen in the groove sometimes 
results from adatom escape from the wire and nucleation in the groove. 

off at the mask edge [Fig. 3(c)], the concentration gradient 
forces a small amount of Fe to escape from the patch and 
condense at the groove bottom. As such, extremely thin 
wires are sometimes observed at the groove bottoms. After 
the islands (uniformly) cover the patch exposed to the flux, 
the arriving adatoms are captured by pre-existing (nucleated) 
islands. The liquidlike coalescence kinetics are slow enough 
that a network forms (islands fill in) and with increasing 
coverage, eventually forms a wire [Fig. 3(d)], whose cross- 
section when filled in completely is depicted schematically 
in Fig. 3(d). Wire formation is commonly observed over a 
wide thickness range for room temperature growth. The wire 
perimeter boundary fluctuates on a size scale determined by 
the polycrystalline grain size of the individual, coalesced is- 
lands. Thus, growth of better wires with sharper edges will 
require deposition of fine-grained or amorphous materials. 

Wire-broadening occurs during high temperature growth 
(7^=190 °C) which in the extreme case may lead to bridg- 
ing between adjacent terraces and the formation of continu- 
ous undulating films. The wire broadening mechanism at 
high growth temperatures (rg>150°C) is summarized in 
Fig. 2(b). With increasing thickness, the wire morphology is 
completed through a network structure as described above 
and seen in Fig. 2(b), however, the faster Fe surface self- 
diffusion causes the wires to broaden. The amount of Fe 
escaping from the flux-exposed patch increases causing the 
ultrasmall wires formed at the bottom of the grooves to be 
thicker than those formed at room temperature. Broadened 
Fe patches eventually join the wires at the groove bottom 
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FIG. 4. Bright-field and annular dark field images and corresponding 
MOKE loops of one-dimensional dot arrays grown on a (110) template at 
190 °C. Linear array structures become completed with increasing Fe thick- 
ness. The MOKE loops show anisotropic behavior even though the particles 
are not touching. The solid lines are calculated magnetization curves from a 
Monte Carlo micromagnetics calculation. 

causing the other side of the terrace (not the flux exposed 
terrace) to be partially covered. At higher coverages, the 
lines join and form continuous films. Naturally, continuous 
undulating films can also be trivially fabricated through nor- 
mal incidence evaporation. 

IV. EXPERIMENTAL RESULTS 

A. Linear dot arrays 

Although the Neel and Brown14 theories for relaxation in 
isolated magnetic particles predict relaxation times that are 
less than microseconds for 6 nm (bulk-anisotropy) diameter 
Fe particles at room temperature, closely packed mesoscopic 
linear arrays can be remanent and coercive (ordered), since 
the long-range fields stabilize moments and extend relaxation 
times.2 Such long-range interactions have been studied by 

15 2,16 ferromagnetic resonance," Mössbauer spectroscopy, 
mean field calculations and Monte Carlo simulations.17 Iso- 
lating the coupling mechanism is facilitated by the prepara- 
tion of 3d transition metal islands in and on insulators like 
Si02,15 MgO," and CaF2.17 This guarantees that the par- 
ticles do not couple through electronic states in the substrate. 
Here, we show results on the observed and computed mag- 
netic properties in linear self-assembling arrays of nanometer 
diameter Fe particles. The formation of linear arrays intrin- 
sically breaks the symmetry in the interaction Hamiltonian, 
thereby stabilizing long-range magnetic order. 

Fe grows on the SiO base layer in a three-dimensional 
nucleation and growth mode. During shadow deposition, 
most Fe islands are localized in the patches exposed to the 
flux. As shown in Fig. 2, linear dot arrays are formed during 
the initial stage of high temperature (Tg = l90 °C) growth on 
(110) substrates with 0=70°. Figure 4 shows bright field 
(BF) images (first column), annular dark field (ADF) images 
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FIG. 5. Size distribution of islands. The experimental results are well fitted 
by log-normal distribution (solid lines). Median (fi) and geometrical stan- 
dard deviation (cr) is summarized in a table (inset). 

(second column), easy axis (third column), and hard axis 
(fourth column) MOKE hysteresis loops of the dot arrays 
grown at 190 °C for three different nominal Fe deposition 
thicknesses: 0.3 nm (first row), 0.6 nm (second row) and 1.0 
nm (third row). The spacing of the grooves is 40±12 nm. 
When 0=70°, 28% of the whole surface is expected to be 
covered by Fe. The projected patch width is 11 ±3 nm. Each 
island is isolated within a patch and no correlation in crystal 
orientation exists between islands. The island size increases 
and the density decreases with increasing total thickness. 
This behavior is indicative of liquidlike coalescence where a 
rounded island shape is quickly recovered. Figure 5 shows 
the island size distribution obtained from quantitative image 
analysis of the ADF images. The probability density func- 
tions are well fit by a log-normal distribution, as is com- 
monly observed in liquidlike coalescence growth systems. 
However, the measured geometrical standard deviation ob- 
tained here, 1.7, is larger than that observed in normal two- 
dimensional random particle systems prepared either by 
evaporation18 or sputtering.19 This broadening of the distri- 
bution may result from the crossover from a two- 
dimensional to a one-dimensional coalescence system, which 
is not accounted for in mean-field kinetic coalescence 
theory.20 

The MOKE loops in Fig. 4 show easy-axis behavior 
when the magnetic field is applied parallel to the arrays, even 
though each particle is isolated. Experimental MOKE hyster- 
esis loops are shown with solid symbols. Loops were taken 
along the easy direction, along the wire array (third column), 
and perpendicular to the wire array, along the hard direction 
(fourth column). The acquisition time for each loop was on 
the order of seconds. The computed hysteresis loops from 
Monte Carlo micromagnetics10'17 simulations are plotted 
with solid lines. Immediately evident is the strong asymme- 
try in the hysteresis loops acquired along and perpendicular 
to the island-wire direction. The random structure and orien- 
tation of the individual particles, the lack of any crystallo- 
graphic orientation between the particles themselves or be- 
tween the particles and the substrate, the lack of any 
interface anisotropy (except in a direction normal to the sur- 
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face) suggests that the oiuering along the island-wire is due 
to long-range interactions through the purely geometric or- 
dering of the island array. 

A Monte Carlo micromagnetic model was used to calcu- 
late the magnetic properties of the linear arrays as a function 
of particle radius and density in order to test for dipole-field 
induced ordering. One of the main advantages of Monte 
Carlo is that fluctuations are rigorously included. Simula- 
tions used periodic boundary conditions, and between 200 
and 400 islands randomly arranged into 3-5 wires. The 
model employs an all-orders interparticle interaction 
Hamiltonian.17 As input, the model uses the bulk saturation 
magnetization value, an adjustable externally applied field 
and the experimentally measured size distribution of Fe is- 
lands. The slightly irregular experimental island shapes are 
approximated by cylinders. Hysteresis loops are calculated 
by finding an equilibrium magnetization distribution for an 
externally applied field value. The magnetization accumula- 
tors are reset, the external field value changed, and the pre- 
vious final magnetization state is preserved as the initial dis- 
tribution for the next Monte Carlo cycle. These computed 
results indicate that the magnetic moment of each island is 
influenced by the strong interaction field produced by sur- 
rounding particles. The room temperature magnetic phase 
changes from superparamagnetic to ferromagnetic with in- 
creasing particle size. 

The easy axis hysteresis loop for r = 0.6 nm film shows 
an abrupt jump in both the experimental (Hc<5 Oe, our 
experimental resolution limit) and computed (#C<1 Oe) 
loops. The larger islands in the / = 1.0-nm-thick film show 
easy axis remanence and coercivity in both measured and 
computed hysteresis loops. Dipole ferromagnetically ordered 
films have an easy axis along the wire since the shape an- 
isotropy in that direction is small. Since the particles have no 
preferential crystallographic orientation in the film plane, 
magnetocrystalline anisotropy is also negligible. Therefore, 
the anisotropy that orders the array is ascribed to the strong 
magnetic interaction between self-aligned particles. Since the 
magnetic-coupling field energy of the islands scales with the 
island volume, the size dependent remanence is ascribed to 
temperature stabilization of the magnetization of a particle in 
the stray field of the surrounding particles. 

Another candidate structure for forming ordered ferro- 
magnetic particle arrays uses the faceting of NaCl (111) as 
the shadow growth template as illustrated in Fig. 6. Figures 
6(a) and 6(b) show bright field images of an Fe dot array 
(r=3 nm) formed on a (111) template. The typical patch-to- 
patch separation is on the order of 100 nm. This distance is 
geometrically determined by the faceting of the template 
caused by the thermal etching process, and is independent of 
nucleation and coalescence kinetics. The equilibrium spacing 
between islands would normally be N~ m (where N is the 
island density) on unfaceted surfaces. Two types of Fe 
patches, chevron-hat shaped, and parallelogram shaped are 
observed. The shapes of these two structures can be ex- 
plained by examining the fluctuations in the peak positions 
of the etched NaCl(fll) surface both in the in- and out-of- 
plane direction as illustrated in Fig. 6(c) for the projection 
shadow mask. The array is neither hexagonal or even regu- 
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FIG. 6. Dot array formed on a (l 11) template, (a) Low-magnification TEM 
image showing both chevron-hat and rectangular shaped patches, (b) High- 
magnification TEM image of individual dots, (c) Disordered steps of two 
types can be observed, (d) MOKE loop. 

lar, and as a result of high temperature growth (7"s = 190 °C), 
each chevron patch is composed of several independent is- 
lands [Fig. 6(b)]. This film did not show strong in-plane 
magnetic anisotropy as evidenced by the MOKE loop in Fig. 
6(d), but did have remanence and coercivity. The magnetic 
interaction between patches is weak due to their large sepa- 
ration, and the shape of the individual patches is not strongly 
anisotropic on average. 

B. Wire arrays 

With increasing Fe coverage at room temperature, the 
space between the islands in the structure shown in Fig. 4 
fills in, and wire arrays are formed. Figure 7 shows bright- 
field TEM images of wire arrays deposited onto an annealed 
(110) grating template at room temperature with 0=65°. The 
Fe wires seen in dark contrast run along the macrosteps of 
the substrate as shown in Fig. 7(a). We confirmed that this 
microstructure is uniform over the entire 3-mm-diam speci- 
men area of the TEM grid. A corresponding electron diffrac- 
tion pattern (not shown here) and a bright field image [Fig. 
7(b)] showed that these wires are polycrystalline Fe with no 
texture orientation. Therefore, we can neglect the contribu- 
tion of magnetocrystalline anisotropy to the magnetic prop- 
erties. The average periodicity of these wires is 90 nm, and 
their average width (projected) is 30 nm. Both the separation 
and the width have a broad size distribution due to the inho- 
mogeneous thermal etching during annealing. Furthermore, 
ultrasmall discontinuous wires (<10 nm in width) intermit- 
tently lie at the NaCl groove bottoms between neighboring 
thick wires. The presence of these ultrasmall wires indicates 
that a small amount of Fe can escape from the patch and 
condense at the groove bottom even at room temperature. 
The aspect ratio of the wires is closely related to the resultant 
magnetic anisotropy. We estimated the wire length from a 
foreshortened TEM micrograph [Fig. 7(d)] that illustrates the 

V) Easy 

K
er

r 
si

g
n

al
 

In
te

n
si

ty
 

I      ! 

(HOOnm 
Hard 

-3-2-10 1  2 3 
H (kOe) 

-3-2-10123 
H (kOe) 

FIG. 7. Typical wire structure of Fe (t= 13 nm) and corresponding MOKE 
loops, (a) Low-magnification BF image showing that the wire array is uni- 
form over large area, (b) High-magnification BF image showing where the 
ultrathin wire is formed at the bottom of the grooves, (e) Easy- (left) and 
hard-axis (right) MOKE loops, (d) Foreshortened BF image illustrating how 
the wires form a network structure on a large scale. 

long-range imperfection of the wires. The wires are termi- 
nated where the terraces perpendicular to the steps [e.g., 
(100)] are accompanied by a miscut from the exact crystal 
axis. The average wire length calculated from the termina- 
tion density is about 10 fim. Therefore, the aspect ratio is 
about 200. The demagnetization factor of a magnetic cylin- 
der with this aspect ratio is on the order of 10~4, so strong 
shape anisotropy is expected. Figure 7(c) show easy- and 
hard-axis MOKE loops for the wire array. Evident is the very 
strong in-plane anisotropy. The coercivity of the easy-axis 
loops is typically 2 kOe. Since the diffraction patterns from 
the arrays indicate that the arrays are indeed polycrystalline, 
this anisotropy is ascribed to shape anisotropy. 

Even though the wire width is determined geometrically 
by the step spacing and flux inclination angle, arbitrarily 
small wires could not be obtained on closely spaced grooves. 
Figures 8(a) and 8(b) show two different thickness films [(a) 
r = 5 nm and (b) t= 14 nm] grown at room temperature on 
closely-spaced (L = 27 nm) grooves produced at 7"a=380 °C. 
The grooves are easily filled by a small amount of deposited 
Fe to form an undulating, continuous film. Even in thin re- 
gions, the fluctuations in the wire width (~grain size) have 
the same size scale as the exposed patch width, hence no 
wires are clearly defined. The magnetic structure of these 
films is essentially the same as the continuous and undulating 
films. Figures 8(c) and 8(d) show the same two thickness 
films as Figs. 8(a) and 8(b) grown on a template with wide- 
spaced (Z. = 87 nm) grooves produced at 7a=440oC. The 
wire width is similar for both films (different thickness) on 
the broadly spaced grooves. This width is largely indepen- 
dent of Fe coverage at room temperature, consistent with 
short diffusion lengths and high nucleation densities dis- 
cussed above. 
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FIG. 8. Microstructure formed on grooves of different spacings at room 
temperature. In Fe films of nominal thickness (a) ( = 5 nm and (b) /= 14 nm 
grown on narrowly spaced (L = 21 nm) templates, the grooves are filled 
quickly by small amounts of Fe. The wire morphology remains constant 
during growth when the Fe thickness is between (c) t = 5 nm and (d) / 
= 14 nm for films grown on widely spaced templates, /. = 87 nm. 

In contrast to the wire morphology produced with room 
temperature growth, wire-broadening was observed for high 
temperature growth (7^ = 190 °C). Figure 9(a) shows a thin 
film (f=4 nm) grown on a wide-spaced (L = 87 nm) grating. 
At this temperature, the transition thickness from a discon- 
tinuous to a continuous film increases because compact 
shapes are quickly recovered after coalescence. Since this 
thickness is not large enough to form a continuous wire, a 
network still remains. The width of the patch exposed to the 
Fe flux is a few times larger than the spacing of the particles, 
so that one-dimensional linear arrays are not formed. The 
hysteresis loops for the film in Fig. 9(a) (adjacent to it) show 
a coercivity smaller than 1 kOe. Figure 9(b) shows a bright 
field TEM image of 13-nm-thick film. At this thickness, the 
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FIG. 9. Wire structure grown on widely spaced (L = 87 nm) grooves at 
elevated temperatures (Tg= 190 °C). (a) The network structure observed in 
Fe (/ = 4 nm) film. The corresponding coercivity is smaller than in the case 
of a continuous wire array, (b) A broadened continuous wire array (t= 13 
nm). The wire edges expand past the groove edges, and reach the next 
facets. The TEM contrast suggests that the wire cross-section is asymmetric. 
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FIG. 10. BF images of undulating continuous films (1 = 9 nm) grown at (a) 
7-K=room temperature and (b) T= 190 °C. The Kerr loops show easy-axis 
behavior when the field is applied parallel to the grooves, though the in- 
plane projected microstructures are isotropic. 

islands grow together, and wires are formed. The wire width 
is larger than half of ridge-to-ridge distance, and the wire 
cross-section is asymmetric. This observation suggests that 
the wire edge diffused outward and joined the thin wires at 
the groove bottom. The corresponding MOKE loops [adja- 
cent to Fig. 9(b)] show anisotropic magnetic properties and 
an easy-axis coercivity larger than 2 kOe. 

C. Undulating continuous films 

When Fe is deposited onto the substrate at normal inci- 
dence (0=0°), continuous films having an undulating surface 
topography are formed. Such undulating films are expected 
to have different magnetic coupling and domain structure 
than flat films of the same thickness. Figures 10(a) and 10(b) 
show bright-field TEM images of such films grown at room 
temperature and 190 °C, respectively, along with the corre- 
sponding MOKE loops. The films are polycrystalline and 
continuous, and each grain has an isotropic shape. 

The MOKE loops show that the easy-axis is parallel to 
the macrosteps even though there is no anisotropic grain 
structure. The coercivities are 400-600 Oe, much larger than 
that typically found in flat Fe films (smaller than a few tens 
of Oe). This large coercivity is not due to strain since the 
large coercivity persists in the film grown at 190 °C, in 
which the strain is expected to be at least partially relaxed. 
We examined the magnetization component parallel and per- 
pendicular to the magnetic field by rotating both the magnet 
and the sample. The results suggested that the switching is 
done by coherent rotation of the magnetization in the film 
plane. This behavior is quite different from flat films, in 
which the switching is caused by domain wall motion. This 
suggests that the magnetic coupling associated with the sur- 
face undulation becomes important. The details of the mag- 
netic switching will be discussed elsewhere. 
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V. CONCLUSIONS 

Fe was deposited onto annealed NaCl (110) and (111) 
substrates at various Fe flux incident angles. Three kinds of 
microstructure, i.e., dot arrays, wire arrays, and undulating 
continuous films, were obtained, and they showed strong in- 
plane magnetic anisotropy. For room temperature growth, Fe 
condensed in the zone exposed to the flux, such that wire 
arrays are typically observed. This growth mode is associ- 
ated with low adatom mobility on the surface. In the high 
temperature growth regime, linear dot arrays were observed 
in the initial growth, because liquidlike coalescence was ac- 
tivated by high adatom mobility. 

The nanometer-scale microstructures obtained in this 
study are statistically uniform over an entire square centime- 
ter. This type of self-organization can be applied to the fab- 
rication of magnetic devices since the method employs only 
a simple geometrical shadow effect that does not strongly 
depend on material combinations. The dot size and separa- 
tion depends strongly on the growth temperature. Since the 
nucleation density decreases and coalescence is activated at 
higher growth temperatures, an array composed of even 
larger islands is expected to form on large periodicity grat- 
ings. Due to NaCl sublimation at high temperatures, the 
growth temperature cannot exceed 300 °C. Similar surface 
faceting can be expected for materials having anisotropic 
surface energy. More regular and stable macrostep structures 
have been found on other materials such as CaF2 on 
Si(110),21 annealed A1203,22 LiNb03

23 and Si(311).24 These 
materials are the next candidates for self-organization tem- 

plates. 
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Defect induced lowering of activation energies at step bands in Co/Cu(100) 
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Complex topological features such as rectangular voids and step inclusions that were seen in 
secondary electron micrographs of Co films grown oh Cu(100) at room temperature were 
reproduced in Monte Carlo simulations in the presence of step bands. Lowered activation energies 
at defects such as steps, kinks, and vacancies enhance step edge restructuring during growth and 
upon annealing. This results in features such as faceted step edges, rectangular pits, incorporation of 
Co into terraces, surface alloying, and surface segregation. Simulated growth structures are directly 
compared with those observed in an ultrahigh vacuum scanning transmission electron microscope. 
© 1998 American Institute of Physics. [S0003-6951(98)02208-6] 

Experiments on the growth and magnetic properties of 
the Co/Cu(100) system often produce disparate results. Scan- 
ning tunneling microscope studies of stepped Cu surfaces 
demonstrate that adatoms and kinks at steps are quite 
mobile.1,2 Mobility at steps has also been studied theoreti- 
cally using the embedded atom method.3,4 It was suggested5 

that Fe islands which decorate step edges on Cu(lll) relax 
the nearby Cu lattice, and decrease the activation energy for 
Cu diffusion along steps. This drives the migration of Cu and 
produces single-layer deep pits in Cu terraces. Large rectan- 
gular pits have been observed in Co/Cu(100) systems, which 
have been annealed following room-temperature (RT) 
growth.6'7 These pits, from which Cu was believed to have 
migrated and covered the Co surface, typically formed near 
steps. An experimental study8 of the growth and magnetic 
properties of Co/Cu(100) performed in our laboratory char- 
acterized different growth morphologies for films grown un- 
der apparently identical conditions. The first growth mode is 
characterized by the formation of islands on terraces with 
little interaction with steps. The second growth mode is char- 
acterized by a lower island density and a high degree of 
interaction with and restructuring of step edges. Combina- 
tions of these two modes have been observed in different 
films. Kinetic Monte Carlo simulations were performed9 for 
Co growth on Cu(100) in the presence of single-height steps 
in an attempt to characterize these growth modes and the 
resulting film morphologies. The first growth mode has been 
reproduced reasonably well. Enhanced roughening of step 
edges was observed in simulations, however, the roughness 
length scales were smaller than in the experimental results. 
The large-scale etching features and pits characteristic of the 
second growth mode were not reproduced in Monte Carlo 
simulations in the presence of single-height steps at room 
temperature. The kinetic Monte Carlo growth simulations 
described here have incorporated step bands as opposed to 
single-height steps as well as postdeposition annealing in 
order to simulate decreased energy barrier heights at step 
edges. Other features of the model, such as nearest-neighbor 

"'Electronic mail: Michael.Scheinfein@asu.edu 

(NN) and next-nearest-neighbor (NNN) coupling and the 
barrier model on a rigid lattice, are the same in both sets, of 
simulations. 

In these simulations, the face-centered-cubic Cu sub- 
strate (template) was discretized into a region 100 by 100 
atoms square (along <100), 36X36 nm) and 14 layers deep 
(2.5 nm) with periodic boundary conditions. The region in- 
cluded one or two trenches with steps oriented along either 
(100) or (110). The trenches, which were intended to ap-. 
proximate step bands, were seven layers deep. The terrace 
width of each layer (step down) was four ((100)) or three 
((110)) atomic rows. The simulations assumed a rigid lattice 
with an Arrhenius-type barrier model,10 where the transition 
rate is r=R0 exp(-e/kBT). Activation energies (e) were set 
proportional to beginning and ending bond energies accord- 
ing to e=A/(l + \AE\/B)+H(AE). The constant A is the 
energy barrier for hopping to a state of the same energy, and 
was set to approximate the experimental activation energy 
for Co adatom diffusion on Co(100)." H is the Heaviside 
function, T is the substrate temperature, kB is Boltzmann's 
constant, and B is a constant which reduces the barrier some- 
what when the final state is more tightly bound than the 
initial state. A and B were each set to 0.5 eV. The attempt 
frequency (R0) for the transition rate sets the time scale for 
the entire simulation and was 2lcB Tlh, where h is Plank's 
constant. The Co-Co bond energy was 0.271 eV/NN and 
0.004 eV/NNN.12 The Cu-Cu bond energy was 0.190 
eV/NN and 0.003 eVTNNN.12 The Co-Cu bond energy was 
0.2305 eV/NN and 0.0035 eV/NNN.9 The simulations did 
not include nonuniform lattice effects such as relaxation or 
strain. Strain can be an important driving force for finite- 
sized structures.7 In order to compare directly with experi- 
mental observations, results are presented for one monolayer 
(ML) (1 ML=1.53X 1015 atoms/cm2) of Co deposited10 at 
random sites at 275 K and subsequently annealed at 350 K 
for 30 s. Structures were stable well before the 30 s anneal 
was complete. 

Experimental results were obtained from Co growth on 
bulk single-crystal Cu(100) samples.8 Cu substrates were 
cleaned by repeated Ar+ ion sputter and anneal (600 °C) 
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FIG. 1. Secondary electron micrographs of 0.2 ML Co/Cu(100) grown at 
300 K. which show examples of the first (a) and the second (bi growth 
modes. White arrows denote the (100) direction. Gray scale images have 
been rendered in three dimensions. The scale is the same for both images. 

cycles. Co was grown at room temperature by electron-beam 
evaporation at pressures <5X10~10 mbar. Samples were 
transferred in situ into an ultrahigh vacuum (UHV) scanning 
electron microscope (SEM) for nanometer resolution second- 
ary electron (SE) imaging.13 

In Fig. 1, characteristic samples of high-resolution UHV 
SE micrographs of the first (a) and second (b) growth modes 
are shown. The (100) direction is denoted by the inserted 
arrow. Gray scale images have been rendered in three dimen- 
sions. Both films consist of 0.2 ML of Co grown at 300 K on 
Cu(100) at 0.15 ML/min. Since restructuring is observed for 
such small amounts of deposit [Fig. 1 (b)], we believe that the 
relief of strain in the Co film may not be a significant driving 
force in the early stages of growth. Restructuring takes the 
form of facets with low-energy (110) steps, suggesting that 
the lowering of free energy is the driving force. The large- 
scale faceting and step edge restructuring shown in Fig. 1(b) 
was not well reproduced by kinetic Monte Carlo simulations 
in the presence of single atom high steps,9 although simu- 
lated structures with step bands, which were annealed, exhib- 
ited morphologies remarkably similar to those produced dur- 
ing growth experiments. Experimental and computed 
morphologies for growth near step bands are shown in Fig. 
2. Brighter areas are higher. Simulations are in the left col- 
umn [Figs. 2(a), and 2(c)] and SEM results at right [Figs. 
2(b) and 2(d)]. White arrows inserted into the images denote 
the (100) direction. The simulations include 1.0 ML of Co 
grown near step bands aligned along (100) [Fig. 2(a)] and 
(110) [Fig. 2(c)] followed by a 30 s anneal at 350 K. No 
differentiation is made between Co and Cu atoms. The SEM 
results also include growths of 1.0 ML with step bands 

f%«L 

FIG. 2. Simulation results (a,c) and SEM results (b,d) for 1 ML Co/Cu(100) 
grown at RT near (100) (a,b) and (110) (c,d) step bands. The simulations 
were annealed at 350 K for 30 s. Bright regions are higher. White arrows 
denote the (100) direction. Gray scale images have been rendered in three 
dimensions. The scale is the same for all images. 

iV'sMtfA?,:!"' 

FIG. 3. Simulation results for I ML Co/Cu( 100) before (a.c) and after (b.d) 
annealing. The atomic species of the topmost exposed atom is shown. Black 
squares are Co atoms and white squares are Cu atoms. 

aligned close to (100) [Fig. 2(b)] and (110) [Fig. 2(d)], how- 
ever, without annealing. 

The simulation results [Figs. 2(a) and 2(c)] contain large 
rectangular vacancies from which Cu has migrated. Before 
annealing these were exposed regions of the Cu substrate. 
The experimental results [Figs. 2(b) and 2(d)] contain similar 
features, although the length scales are slightly larger. Adja- 
cent to the (100) step bands in Fig. 2(a) are long connected 
vacancy regions with (110) facets separated from the step 
bands by Co islands (see, e.g., the region around the arrow). 
These regions are within the adatom random walk distance 
of the step band. The Co island density during growth was 
low in this region, leaving exposed Cu after the growth. This 
Cu was then free to migrate during the anneal. Co which 
migrated over the step from this denuded region formed is- 
lands at the step bands. Regions of similar morphology can 
be seen in SEM data along (100) step bands. Such a region 
surrounds the arrow in Fig. 2(b). The large rectangular va- 
cancies in the simulation terraces were formed by incomplete 
Co coverage, from which Cu migrated during annealing. 
Similar structures were also observed in the SEM data, as 
can be seen in the terrace of Fig. 2(d). Inclusions into the 
(110) step bands [Figs. 2(c) and 2(d)] are more rectangular 
than those into (100) step bands, and are not separated from 
the step band by Co islands. 

The top level atomic species for the simulations before 
(left) and after (right) annealing are shown in Fig. 3 for (100) 
(top) and (110) (bottom) step bands. Black squares are Co 
atoms and white squares are Cu atoms. Figures 3(b) and 3(d) 
are the same postannealing simulation results shown in Figs. 
2(a) and 2(c). Cu has clearly migrated from exposed areas to 
cover and/or surround the Co islands. This migration has 
occurred without invoking a direct exchange process.14 Very 
few Co islands are exposed (on top) after the anneal, how- 
ever, a large number of Co atoms along steps are exposed. 
The shapes of Co islands are now much less rectangular and 
closer to those obtained experimentally from the first growth 
mode. These islands are now surrounded by Cu (i.e., part of 
a terrace). Interdiffusion has obviously increased dramati- 
cally during annealing. 

Simulations of deposition at higher temperatures9 did not 
reproduce the experimental morphologies, while simulations 
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of deposition at 275 K followed by 350 K anneal did. This 
suggests that the ratios of activation energies for different 
processes were inaccurate. The activation energies for pro- 
cesses at steps (bands) may be lower than the simple model 
predicts. This could cause the discrepancy between the simu- 
lations of RT growth and the experimental morphologies. 
Transition rates in the model are dependent on attempt fre- 
quency, temperature, and the parameters A and B. A change 
in any of these parameters will change the rate at which 
processes occur. Increasing T, as in our annealing simula- 
tions, is equivalent to increasing R0, or decreasing e. The 
ratios of these parameters, then, affect the growth dynamics 
as much as their magnitudes. The exposed Cu atoms are 
apparently close to an activation energy threshold since a 
small increase in temperature (75 K) dramatically increases 
their mobility. One possible method to improve the simula- 
tions is to change the model for activation energy (e). Low- 
ering e for processes whose beginning bond energies are 
smaller should increase the rate for processes on atoms with 
lower coordination, such as at steps. We have chosen not to 
search the vast parameter space for combinations which pro- 
duce the experimentally observed morphology. Rather, we 
have approximated the increased mobility of Cu atoms at 
defects by annealing. This produced morphologies remark- 
ably similar to those observed in SEM data. 

SEM results (not shown) reveal a continuum of combi- 
nations of the first and second growth modes. We have been 
unable to correlate contamination levels with growth mode, 
although a surfactantlike contaminant effect cannot be ruled 
out. The range of growth modes could instead be due to 
variations in defect densities. The width and density of step 
bands was not constant between different samples used in 

our growth experiments. Agglomerations of vacancies were 
evident in some samples, suggesting the presence of a high 
density of defects that we could not detect. Samples with 
higher defect densities would exhibit an increased proportion 
of the second growth mode. Differences in defect density and 
the resultant changes in activation energies, then, could ac- 
count for the differences in observed morphology. Lowered 
activation energies for Cu atoms could be the result of relax- 
ation near defects, or changes in the strain field caused by 
nearby Co atoms. 
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Magnetic ordering in Co films on stepped CuV^IOC^ surfaces 
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Ultrathin films of Co were grown on Ci/lOO) and characterized by nanometer resolution secondary 
electron microscopy, Auger electron spectroscopy, and the surface magneto-optic Kcrr effect An. 

" unexpected out-of-plane remanence was detected in many films. The anisotropy of atoms near 
defects along the Co/vacuum interface calculated via the Neel model indicates that atoms at the 
bottom comer of a step edge are canted out-of-plane. Full three-dimensional micromagnetics 
simulations which incorporate site specific anisotropy (including step edges, kinks, and voids) have 
been performed. Simulations with unidirectional arrays of [110] steps, such as vicinal surfaces, do 
not exhibit out-of-plane remanence. Simulations with facets consisting of connected L110J and 
[110] steps exhibit out-of-plane remanence of 0.03. This is lower than the experimental value of 
0Ü    © 1998 American Institute of Physics. [S00Q.l-8979(98)379ll-6] 
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I. INTRODUCTION 

Magnetic surface anisotropies play a key role in deter- 
mining the magnetic properties of thin films and 
multilayers^Recently the anisotropy of steps has been found 
to be important in understanding the magnetic behavior of 
some systems.2"4 Since the roughness of the Co/Cu interface 
plays a key role in determining GMR properties,5 character- 
izing the Co/Cu interface including the effect of defects is 
important. Ultrathin films of Co were grown on Cu/(100) in 
order to study the morphology and the resulting magnetic 
properties at early stages of growth. The films were charac- 
terized by nanometer resolution secondary electron micros- 
copy, Auger electron spectroscopy, and the surface magneto- 
optic Kerr effect (SMOKE).6 An unexpected out-of-plane 
remanence was detected in many films. 

The cause of this out-of-planc component of the magne- 
tization could be related to film morphology at the early 
stages of growth. One possible mechanism which may pro- 
duce out-of-plane magnetization is defect related anisotropy 
on imperfect surfaces. The anisotropy of atoms near defects 
along the Co/vacuum interface has been calculated. Atoms 
along the bottom comer of a (110) step which have strong 
uniaxial anisotropy canted out-of-plane, may couple to the 
spins of nearby atoms. A significant out-of-plane component 
to the magnetization may occur for some critical density of 
these sites. This short article will address the feasibility of 
this mechanism for the origin of the perpendicular compo- 
nent to the observed magnetization. 

Co grown on substrates with high defect densities re- 
sulted in dramatic faceting of step edges and the creation of 

II. EXPERIMENTAL RESULTS 

Morphological characterization with concurrent magne- 
tization measurements was obtained from Co grown on bulk 
single crystal C J(100) samples.6 Cu substrates were cleaned 
by repeated Ar+ ion sputter and anneal (600 C) cycles. Co 
was grown by electron-beam evaporation at rates between 
0.05 MT,/min and 0.2 MLAnin at pressures <5X10~10 

mbar (1ML=1.53X1015 atoms/cm2). Samples were trans- 
ferred in situ into the SMOKE chamber for magnetic char- 
acterization, then transferred in situ into an ultrahigh vacuum 
scanning transmission electron microscope for nanometer 
resolution secondary electron (SE) imaging.7 SE micro- 
graphs revealed complex growth morphologies which varied 
between different films. Many films contained high densities 
of steps, kinks, and facets. 

Co/Cu/(l00) films in this study became ferromagnetic at 
^cwr'temperature at about 1.7 ML. Zero field susceptibility in 

the paramagnetic regime and remanence in the ferromagnetic 
regime generally increased with coverage. In many films a 
second magnetic phase was detected with out-of-plane rema- 
nence and a coercivity.5-10 times the in-plane value which 
increased with Co coverage. Figure 1 contains such Ken- 
hysteresis loops taken in the longitudinal [Fig. 1(a)] and po- 
lar [Fig. 1(b)] geometries7 from a 2 ML thick film. As a 
result of the 45° incident scattering angle, polar signals were 
five times stronger than the longitudinal signals.8 The out-of- 
plane component of the magnetization in the film in Fig. 1 is 

therefore —0.11. 

Longitudinal Polar 

•a 4 
(•) 

-n 
(b) 

// 

ll 
n 



fÖClüHglüüi   piti. nuninnOTropT-ra-TOro—-  •- "—~—  

tion created by this morphology may '' ;ficantly affect the 
magnetization of the film, and may . ., affect the GMR 
properties of multilayers. To evaluate the equilibrium mag- 
netic microstructure in such films, and to determine if the 
anisotropy at sites with low symmetry may be responsible 
for the observed out-of-plane remanence, full three- 
dimensional micromagnetics simulations were performed in- 
corporating the calculated site specific anisotropies. 
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FIG. 1. Kerr hysteresis loops from a sample exhibiting out-of-pkne rema- 
ueuce. Part (a) wi> taken in Hie longitudinal geometry and (b) was takeu in 
the polar geometry. The Kerr signal is given in arbitrary units, and the scales 
in (a) and (b) are the same. 
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III. MICROMAGNETICS SIMULATIONS 

The anisotropy of face centered cubic atoms has been 
calculated for reduced symmetry structures such as steps and 
vinVs following the Neel model of anisotropy,9 and including 
the effects of strain.10 In agreement with Chuang et al.,n the 
anisotropy of atoms along the bottom comer of a step edge 
(step corner) was found to be uniaxial and canted out-of- 
plane, while the anisotropy of atoms along the top comer of 
a step (step edge) was uniaxial in-plane along the step direc- 
tion. The anisotropy of bulk atoms and surface atoms was 
biaxial in-plane along (110). The anisotropy of kink edge 
atoms was biaxial in-plane along (110) and that of kink cor- 
ner atoms was uniaxial in-plane along the kink direction. AQ£ 

// summary of these results is given in Table I, and a schematic^ 
a Co surface identifying individual sites is presented in Fig. 
2. Strain due to the misfit of face-centered-cubic (fee) Co and 
fee Cu has been included in all anisotropy calculations ex- 
cept when noted. 2 

The anisotropy terms (Table I) proportional to cos 6 
extract a high penalty for magnetization out of the plane. Of 
the remaining-terms, those proportional to L(r0) are larger 
by a factor of 102 than terms containing e0 or Q(r). The step 
comer, kink-in comer and kink-out corner sites hold promise 
for out-of-plane magnetization due to the term proportional 
to sin 0 cos 6. The step comer has an energy minimum which 
is out-of-plane, while the kink-in comer and kink-out coma- 
sites have energy minima which are in-plane. 

■• These atomic, site specific anisotropy energies have been 
incorporated kilo .xnicromagncücs simulations1 of Co on 
stepped Cu/(100). The simulation searches for solutions to 
the Landau-Lifshitz-Gilbert equation. The following ener- 
gies were included: exchange energy, site-specific anisotropy 
energy, magnetostatic self-energy, and external magneto- 
static field energy. The saturation magnetization, exchange 
stiffness, gyromagnetic frequency gamma, and damping con- 
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FIG. 2. Schematic representation of atomic sites in the vicinity of a kinked 
(110) step. The anisotropy of these sites is given in Table I. 

stant alpha were set to the bulk values for Co. This is a 
continuum model which has been discretized at atomic 

length scales. 
The micromagnetic structure of two monolayer (ML) 

films has been simulated where the top layer consists of a 
terrace one half the width of the bottom layer. The two step 
edges in the top layer were aligned along [110] or [100], In. 
some simulations kinWs were inserted into the step edges at 
regular intervals and the- terrace widths were varied. The 
simulations used periodic boundary conditions in both in- 
plane directions. The system was discretized into cells with 
sides of length a0/j2 on a simple cubic lattice, where a0 is 
0.361 nm. This insured that the volume of the region with 

TABLE L Anisotropy energies for fee (100) sites described in the tot and shown riaortctyia HgJL 
Derivations of anisotropy energy and the value of the constants have been given m R^^te r, 0. and * have 
been defined in the usual way. The step direction is [110]. For [110] steps, change y^r-y.  

Site/constant 

Bulk unstrained {E^ 
Bulk strained 
Surface 
Step edge 

Step corner 

Kink-in edee 

Anisotropy energy 

ß(r)/4(ön2 20+sin2 2<p sin4 0) 
(-6eoUrQ)-e0dL/drr0)co?6+Eto 
(.-\aUrü)-ie0Ura)-eaSUdr r0)cot2 0+E* 
(- l/4i(r0)-3eoU.ro) - V^0dUdr r^cos2 8 
+ (-l/2L(r0)- IteoöUär r^än2 flsin <pcos (p+B* 

(-l/4Z.(ro)-9/2*0L<ro)-<8o<H</<?'- 'o)«*2 6 

- l/2Z.(r0)sin B cos ö(rin y+cos <p)+£^ 
(- lf2L(rn)-iooUro)-"o^/dr r0)cos2 6+E* 

// 
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(-l/4Z.(r0)-ll/2«0Z.(r0)-«0<?L/<?rr0 9 
+(-U4L(ra)- \l2t^{ra))ad 8 cos1 <p 
- l/2L(r0)sin 8 cos 6 cos ¥>+£^„ 
(- yAL(ra)-ir2e0L(r0)-e0dUdr r0)cos2 8 
+(l/4L(r0) + l/2«0U'-0))sin2 Ö cos2 <p 
- l/2L(r0)sin 0 cos 8 cos y+A« 
- 1.2X 10s erg/cm3 

- 1.5X 10* erg/cm3 

55X10* erg/cm3 

0.019 
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step anisotropy matched the volume occupied by a step ori- 
ented along (110). The system was allowed to relax with no 
applied field in order lo determine die equilibrium magneti- 
zation distribution in the film.. 

No significant out-of-plane ((Mz)>0.01) component of 
the magnetization was present in the equilibrium magnetiza- 
tion distribution. The spins of the step comer atoms were 
expected to couple to the spins in the terraces and perhaps 
cause.them to be somewhat canted out-of-plane. This did not 
occur as a result of the balance between the anisotropy en- 
ergies of neighboring atoms and the exchange energy which 
couples them. The out-of-plane anisotropy of the step comer 
site occurs via the term proportional to cos 0(sin 0sin <p 
-rsin Öcos <p) [i.e., mz(mx+my)l The minimum energy oc- 
curs when -m=mx+my. This equals zero for <p=3ir/4 
([110]), which is the uniaxial anisotropy axis for the step 
edge site. Although the anisotropy energy of the step edge 
and step corner sites are about equal, the coupling via ex- 
change to nearby surface and bulk sites (biaxial (110» en- 
sures that the step edge site is dominant For any initial con- 
dition on the^ magnetization the final minimized energy 
configuration has the spins aligned along the step direction, 
and  the  out-of-plane  component  vanishes   with   (sin <p 

+cos cp). 
The magnetization configuration is somewhat different 

for faceted steps and square islands. At the comer joining a 
[110] step to a [110] step, the magnetization of each step 
will be forced away from (110) by the field due to the other 
step, resulting in a nonzero out-of-plane component If the 
density of facets is large enough or the size of islands small 
enough a significant out-of-plane remanence will exist This 
configuration has been simulated via a square island (3 
nmX3 nm) on a 5 nmX5 nm square layer with periodic 
boundary conditions. The length of the sides of the island 
was chosen to approximate the length of facets observed in 
films which exhibited out-of-plane remanence. The out-of- 
plane component of the calculated average equilibrium mag- 
netization was -0.03. This was significantly less than the 
results from Kerr loops shown in Fig. 1. 

IV. CONCLUSION 

It is apparent from these micromagnctics simulations 
that the anisotropy of step atoms can not be responsible for 

S. T. Coyle and M. Ft. Scheinfein 3 

the out-of-plane remanence we observed experimentally. For 
surfaces with a high density of (110) facets, this anisotropy 
may be a contributing factor. Tliis micromagnctics result 
from semi-infinite parallel (110) steps agrees with the experi- 
mental results from Co deposits on vicinal Cu/(L$3) 
surfaces.4 The anisotropy switches to biaxial in-plane at in- 
creased temperatures.13 This may be due to Cu atoms deco- 
rating the step edges,14 or to restmcturing of the step edges 
with rectangular protrusions perpendicular to the original 
step.15 In the latter case, micromagnetics simulations re- 
ported here predict a small (-3%) out-of-plane component 
to the magnetization. 
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Abstract - Fe nanowire arrays have been grown on self- 
organized NaCI(llO) gratings. The typical wire size is 42 nm xl3 
nm xlOmm, with a period of approximately 90 nm. The magnetic 
properties were dominated by a strong in-plane shape 
anisotropy. Coherent switching dominated the reversal process 
due to dipole coupling ascribed to narrow gaps between the 
wires. The small width and height of the individual wires 
prevented domain wall formation. Electron holography has been 
used to confirm the type of ferromagnetic coupling between the 
wires. Experimental results are compared with quantitative 
three-dimensional micromagnetics calculations. 

I. INTRODUCTION 

Nanostructured magnetic systems such as wire and dot 
arrays have magnetic properties which strongly depend on 
their shape, size and spacing. Efforts have been made to 
reduce the element spacing as this ultimately determines the 
media density for magnetic recording [e.g. 1, 2]. A media's 
density cannot be made arbitrarily small because inter- 
element magnetic coupling becomes stronger as the gap 
between the individual ferromagnetic elements is decreased. 
We have reported on quasi-one-dimensional particle arrays 
(diameter < 8nm) which display strong in-plane anisotropic 
behavior. These particles are strongly coupled along the lines 
due to the strong stray field bridging the gap between adjacent 
particles situated within nanometers of each other [3]. 
Mathieu et al. observed anisotropic dipole coupling in a 
square dot (1 urn in diameter) lattice when the gap between 
the dots was less than 0.1 urn [4]. In this regime, magnetic 
reversal is dominated by coherent processes arising from 
dipole and exchange coupling. This type of coupling is also 
important in random granular systems [5], where the complex 
geometry makes quantitative coupling measurements 
problematic. 

The most frequently used technique to fabricate 
nanometer-sized magnetic structures is electron-beam 
lithography (and subsequent lift-off). This method guarantees 
that the spatial distribution of the magnetic 
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elements is well defined. Although dots as small as 20 nm in 
diameter have been successfully fabricated [2] using this 
method, pitch distances less than lOOnm have not yet been 
achieved and the fabrication area is limited by low 
throughput. Lithography using atom manipulation techniques 
( in a scanning probe microscope) allows both the size and 
spacing to be on atomic length scales, but extremely low 
throughput remains a problem. 

An alternative candidate for nanoscale fabrication is self- 
organization. Although the fabricated microstructures are 
usually less regular than those fabricated using lithographic 
methods, it is possible to produce samples suitable for 
magnetic coupling studies. Several groups have employed 
preferential nucleation at step edges of single crystal metal 
surfaces as self-organization templates [6]. In such cases the 
material combinations that can be successfully grown is 
limited, and exchange coupling through the metallic substrate 
cannot be neglected in coupling studies. We have developed a 
new self-organization-based nanoscale fabrication method 
using grazing angle shadow deposition of SiO/Fe/SiO onto 
self-organized gratings produced by annealing NaCl(llO). 
Quasi-one-dimensional dot arrays [3], nanowire arrays [7], 
and continuous undulating films [8] have been obtained with 
this method. The resulting nanostructure depends upon 
growth conditions such as temperature, incident angle and 
groove spacing. Nanowire array [7] magnetization loops 
displayed strong in-plane anisotropy with large coercivity. 
Although the coupling mode has not yet been well 
established, magnetization reversal was dominated by 
coherent rotation. 

Electron holography is a powerful technique used to 
determine magnetic microstructure at nanometer spatial 
resolution. It has been used to characterize domain structure in 
thin films, to examine internal and stray fields in and around 
small particles [9,10], to study magnetization states in single 
Co nanowires [11], to examine Aharonov-Bohm effect by 
using ferromagnetic rings fabricated by lithography and to 
analyze the magnetic coupling of nanofabricated 
ferromagnetic arrays [9]. In this paper, we present results of 
direct observation of the magnetic coupling in nanoscale wire 
arrays examined using the magneto-optic Kerr effect and 
electron holography. Results are compared with a full three- 
dimensional micromagnetics simulation. 



II.   EXPERIMENT 

Optical-grade (110) polished NaCl single crystals (miscut 
angle<3°) were used as substrates . These substrates were 
etched in deionized water for several seconds to remove 
surface contamination prior to loading into an ultra-high 
vacuum growth chamber (base pressure ~ 3x10'8 Pa) 
equipped with Fe electron-beam and SiO thermal evaporation 
sources. Annealing these substrates in situ produced ordered 
templates. The annealed (110) oriented substrates form long, 
straight in-plane macrosteps along [001]. The (100) and (010) 
terraces which result from the thermal annealing process are 
tilted by 45° with respect to the surface normal. Annealing the 
NaCl at 440°C for 10 minutes produces step separations of 90 
nm. A 20 nm SiO passivation layer was deposited directly on 
stepped NaCl surfaces (normal incidence deposition) since 
the NaCl substrates must be removed prior to characterization 
using electron microscopy. This also prevents the Fe from 
establishing an epitaxial relationship with the substrates 
which is important in magnetic coupling (strength) studies. 

Fe was deposited from an electron-beam evaporation 
source at a rate of 0.20 nm/min. We denote the thickness, t, 
to be that nominal thickness on an exposed terrace in the 
direction normal to that terrace, e.g. 45 ° off of the 
(macroscopic) template normal for annealed (110) substrates. 
After depositing up to 15 nm of Fe, a 10-15 nm SiO capping 
layer was overlayed to prevent oxidation upon removal from 
UHV. Thus, the magnetically active Fe layer was embedded 
in an insulating SiO matrix. 

Hysteresis loops were recorded ex-situ using the 
longitudinal magneto-optical Kerr effect (MOKE). Since both 
SiO and NaCl are transparent at the He-Ne laser wavelength, 
and the Fe films were extremely thin, the Kerr intensity was 
very small. The 2F (first harmonic of the photo-elastic 
modulator) mode was employed in order to obtain as high a 
signal-to-noise ratio as possible. Both the sample and the 
magnet could be rotated with respect to the optical scattering 
plane to examine the magnetization components parallel and 
perpendicular to an external magnetic field [12]. 

The microstructure was examined using a conventional 
transmission electron microscope (TEM: Topcon EM-002B). 
Specimen were fixed to 200-mesh Cu grids by floating the 
films off of the NaCl substrates in deionized water. The sizes 
of individual particles and wires were quantitatively measured 
using image analysis software. The holograms were recorded 
by using a field-emission transmission electron microscope 
(Philips, CM-200FEG) equipped with a 1024x1024 slow scan 
CCD camera. The images were reconstructed using image 
processing software developed by our group. 

HI. RESULTS AND DISCUSSION 

Fig.l shows a bright field TEM image of the SiO(10 
nm)/Fe wire array(13 nm)/ SiO (20 nm). The wires seen in 
dark contrast are formed near the ridges of the grating. The 
average projected width is 30 nm, hence, the real wire width 

is expected to be 42 nm on facets inclined by 45 ° from the 
film normal. The standard deviation of the wire width is 18 
nm, approximately 40% of the nominal wire width. Some 
wires terminate where terraces are perpendicular to steps 
accompanied by a miscut from the exact crystal axis. Most of 
the wires run through the approximately 3 mm field of view 
shown in Fig.la. The average wire length calculated from the 
termination density is about 10 mm. Though the array looks 
like a network of straight segments of a few urn long, low 
joint density is considered not to affect the magnetic behavior 
of the array. Since the wire aspect ratio is at least 200, strong 
shape anisotropy is expected. The corresponding electron 
diffraction patterns showed typical random polycrystalline 
features. No specific orientation relationship was observed 
between neighboring crystal grains. 

Fig.l A bright field image of the SiO(I0 nm)/Fe wire array(13 nm)/SiO(20 
nm) deposited on the stepped NaCI(l 10). The wire width is 30 nm and the 
interwire spacing is 90 nm such that the gap between the wires is 60 nm. 

Fig.2 shows longitudinal MOKE loops of the wire array 
recorded by applying an external field parallel (solid) and 
perpendicular (dotted) to the scattering plane, and rotating the 
specimens in the film plane by 9° with respect to the 
scattering plane. The angular dependence of the hysteresis 
loops is characteristic of uniaxial Stoner-Wohlfarth coherent 
rotation [13]. The specimen shows strong in-plane anisotropy 
when 6=0° and the coercivity is approximately 1.8 kOe. 
When the field is applied perpendicular to the wire, an 
external field of 3 kOe is not large enough to saturate the 
magnetization. When 9=45°, the switching field is minimum 
at half of the long-axis coercivity (Hc~l.lkOe), and a peak is 
seen in the magnetization component perpendicular to the 
wires (indicated by the arrow in Fig. 2). The open-circle loop 
observed for perpendicular magnetization when 9=80° also 
indicates that the whole wire array switches simultaneously 
[14]. The long-axis coercivity is still lower than that expected 
for an infinitely long uniaxial Fe. The coercive field decreases 
with decreasing wire thickness {e.g., Hc~1.3 kOe when t = 4 
nm). Domain wall motion is likely not occurring since 
significant transverse magnetization components are present 
during switching. Curling and buckling modes are known to 
effectively reduce the switching field in the case of uniaxial 
fine particle systems [15], but these processes are not 
accompanied by the perpendicular magnetization observed in 
the Kerr loops in Fig. 2. 



-6=10° 

CO 
c 
ja 
tn 

-9=45° + 

'6=0° 

■£. Z- 
17 

.9=80° 

:9=90° 

c^= .jt^Z^: 

Uniform Rougn 

(a) (b) 

I              \ 1           f 
\              1 1           1 

W)° 
(C) (d) 

9-45° 

(e) (0 

»=ao° 

-3-2-10123 H(k0e) 

H(kOe) 
Fig. 2: (left) MOKE hysteresis loops acquired while rotating the specimen 
in the film plane, q denotes angle between the long-axis of the wire array and 
the scattering plane with the field applied in plane. Solid and dotted lines are 
magnetization1 components parallel and perpendicular to the field, 
respectively. 

Fig. 3: (right) Hysteresis loops obtained from 3-D micromagnetics 
simulations for perfect (a,c,e) and rough (b,d,f) wire arrays oriented at 0°, 
45° and 80° to the field and scattering plane directions. 

The magnitude of magnetic coupling in the wire array was 
extracted from 3-D micromagnetics calculations. The code 
[16] is capable of calculating three-dimensional magnetiza- 
tion distributions for arbitrary shaped systems composed of 
ferromagnets, antiferromagnets and metals. The computed 
hysteresis lo"ops shown in Fig.3 use bulk magnetic properties 
for Fe (A = 2.1 |ierg/cm, Ms = 1714 emu/cm3). No magneto- 
crystalline anisotropy was included since the orientation of 
the grains along the wires was random. Periodic boundary 
conditions were employed for a tiled array of 7 individual 
wires. Hysteresis loops for perfect (left) and rough (right) 
wires oriented at 0°, 45° and 80° from the field and Kerr 
scattering planes (compare to Fig. 2) also indicate coherent 
rotation during switching. The broadened 45° (rough edge) 
loop is the result of pinning at edge defects due to the 
coarseness of the grid. The coercive field is larger in the 
computed loops as the result of assuming a rectangular cross 
section for each individual wire. 

The magnetization distribution can be directly examined 
by electron holography. Fig. 4 shows a reconstructed phase 
image and accompanying line profile from the wire array at 
zero field. The Fe nanowire contrast is slightly asymmetric as 
evidenced by the electrostatic phase shifts arising from the 
mean inner potential and seen as white in the image. The 
magnetic contribution to the phase profile manifests itself as 
the consistent phase increase as each wire is crossed giving 
rise to the net positive slope. The phase shift expected from 
each wire is consistent with that expected from an Fe wire 
with 390 run2 cross section, in agreement the dimensions of 
the wire. The sign of the magnetic phase shift is the same for 

each wire indicating that the magnetization within each wire 
is aligned, i.e. the array is ferromagnetically coupled. This 
coupling is consistent with the coherent rotation features 
observed in Kerr measurements. 

Position 

Fig.4: (left) An electron holographic phase image of the wire array 
reconstructed from an electron hologram, and (right) a line scan across A-A'. 
The phase is amplified by factor of 8, and wires are indicated by arrows in 
(a). 
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Co on stepped Cu(100) surfaces: A comparison of experimental data 
with Monte Carlo growth simulations 
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Monte Carlo simulations of the growth of Co/Cu(100) in the presence of steps, terraces, and kinks 
were performed. The beginning stages of Co growth enhance the roughening of step edges. 
Interdiffusion increases with increasing temperature and decreasing growth rate. Varying the step 
orientation from (100) to (110) produced a steady decrease in interdiffusion. The lateral width of 
the interdiffused region in steps (10%-90% concentration) is -0.7-1.5 nm. Decreasing the Co-Cu 
binding energy produced an increase in the frequency of double-height islands and step edge 
decoration. A value of -0.21 eV/nearest neighbor bond produced step edge decoration indicative of 
a Schwoebel barrier with very few double-height islands. Simulation results were compared to 
growth results obtained via nanometer resolution ultrahigh vacuum scanning electron microscopy. 
Island statistics compare favorably with growth results. Experimentally observed large etching 
features at steps were not well reproduced by the model, suggesting an exchange mechanism may 
be important.   © 1998 American Vacuum Society. [S0734-2101(98)00703-9] 

I. INTRODUCTION 

Co/Cu(100) has become an important system in the study 
of thin film magnetism. Face centered cubic (fee) Co has a 
small lattice mismatch with fee Cu(100) and will grow 
pseudomorphically. Cu surfaces vicinal to (100) allow Co to 
be grown with a regularly spaced array of (110) steps and 
(100) terraces.1 Bulk Co and Cu are considered immiscible 
below -900 K, however, Co and Cu have been reported to 
form an alloy2 above —450 K, and interdiffusion during 
growth above 0 °C has been suggested.3 Co/Cu multilayers 
exhibit giant magnetoresistance. therefore understanding the 
Co/Cu interface is important.     C<9M<C) 

We have performed a study of the growth and magnetic 
properties of Co/Cu(100) at room temperature (RT)4 in an 
attempt to understand how morphology and defects affect 
film growth and magnetic properties. We described two 
growth modes: island growth and exchange mediated 
growth, and reported a continuum of combinations of these 
two modes in different films. Island growth mode is charac- 
terized by the formation of islands on terraces and little in- 
teraction with steps, while exchange mediated growth is 
characterized by little island formation and a high degree of 
roughening of step edges. A Co adatom moves along a Cu 
step until it is pinned by a kink, thereby lowering the free 
energy. Because Co has a higher free energy5,6 than Cu, the 
configurational energy may be lowered when Cu atoms 
move to surround the Co atom. This results in a restructuring 
of the step edge resulting in faceting along the lower energy 
(110) directions. Incorporation into a (110) step is much 
more energetically favorable than incorporation into a (100) 
step,4 and this difference may contribute to the difference 
between island and exchange growth. 

We have performed growth simulations using Blue's ki- 

1 J. Vac. Scl. Technol. A 16(3). Mav/Jun 1998 0734-21 

netic Monte Carlo simulation program7 in order to under- 
stand the various growth modes encountered during growth 
experiments. We are also interested in exploring the effects 
of growth parameters on interdiffusion. Interdiffusion and its 
affect on magnetic properties at the Co-Cu interface is of 
central importance in understanding GMR and other thin- 
film magnetic properties. We attempfto describe the sharp- 
ness and character of the interfaeC and its dependence on 
parameters such as growth temperature, growth rate, and ter- 
race width. f .Cte^*-0*"1^ 

■v^neV^Tto i fcfrCV>.i 

II. MONTE CARLO GROWTH SIMULATIONS 

Kinetic Monte Carlo simulations of the growth of Co on 
Cu(100) in the presence of step edges were performed. Prior 
to deposition the Cu substrate was 100 by 100 atoms 
(square), 6 layers deep, and included one or two terraces with 
steps oriented along either (100) or (110). Simulations were 
also performed at intermediate step orientations in 5° incre- 
ments. Deposition of Co was simulated at rates of 0.15 ML/ 
min (slow) and 1.5 ML/min (fast), and for coverages be- 
tween 0.05 ML and 0.50 ML in increments of 0.05 ML. 
Initial kink densities of 0 and 0.15 kinks per site along the 
step edges were selected. Substrate temperature during 
growth was varied from 275 to 325 K to investigate the 
effect of temperature on morphology and interdiffusion for 
RT deposition. Five different simulations were performed 
with different random number seeds, and the quantitative 
measures were averaged. 

The simulations assumed an Arrhenius-type barrier 
model, where the transition rate is r=Ro exp(-«/kT). Acti- 
vation energies (e) were set proportional to beginning 
and ending bond energies according to 
e=A/(l+|AE|/B)-KH(AE). The constant A is the energy bar- 
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rier for hopping to a state of the same energy, and was set to 
approximate the experimental activation energy for Co ada- 
tom diffusion on Co(100).8 H is the Heaviside function, T is 
the substrate temperature, k is Boltzmann's constant, and B 
is a constant which reduces the barrier somewhat when the 
final state is more tightly bound than the initial state. A and 
B were each set to 0.5 eV. Periodic boundary conditions 
were employed, with hops allowed along (110) directions 
only. The difference in beginning and ending bond energies 
(AE) is found from the sum of all nearest neighbor (NN) and 
next nearest neighbor (NNN) bond energies before and after 
the hop. The Co-Co bond energy was 0.271 eV/NN and 
0.004 eV/NNN.5 The Cu-Cu bond energy was 0.190 eV/NN 
and 0.003 eV/NNN.5 The Co-Cu bond energy was 0.2305 
eV/NN and 0.0035 eV/NNN. To our knowledge, the Co-Cu 
bond energy has not been reported in the literature, we there- 
fore chose a value that is the average of the Co-Co and the 
Cu-Cu bond energies. We also varied this as a parameter to 
see its effect on growth. 

We have defined a set of measures in order to characterize 
the effect of various parameters on morphology. Mean island 
size (Sav) is the mean of the distribution of island areas. 
Island density (Nav) is the number of islands per unit area. 
Interface width (Wj) is calculated as the standard deviation 
of the surface height distribution in units of ao (ao=0.361 
nm). This is a measure of the film-vacuum interface rough- 
ness. Step width (Ws) is calculated as the standard deviation 
of the distance of each step edge atom from the center of the 
terrace. This is a measure of the roughness of the step, also in 
units of aQ. Interdiffusion width (Wd) is a measure of the 
mean width of the interdiffused atoms for each row of atoms 
perpendicular to a step edge, in units of aQ. For example, the 
width is zero for the following arrangement of atoms perpen- 
dicular to a (100) step: Co-Co-Co-Cu-Cu-Cu, while the 
width is two for: Co-Co-Cu-Co-Cu-Cu. This provides a 
measure of interdiffusion which is independent of the length 
and roughness of the step. 

III. RESULTS 

A. General effects 

The shape, size and density of the islands is essentially 
the same for simulations with the same deposition rate, in- 
dependent of step orientation. The islands are approximately 
rectangular with edges along (110) directions. Between 30% 
and 60% of the adatoms were captured by terraces, with 
more being captured during slower growth. Mean island area 
increases approximately linearly with increasing coverage 
until approximately 0.4 ML have been deposited, where is- 
land capture by steps and the agglomeration of very large 
islands becomes significant Island density initially in- 
creased, then above 0.15 ML was fairly constant as a func- 
tion of deposition. Both island density and mean island size 
were essentially unaffected by initial kink density. Interface 
width increases approximately linearly with coverage due to 
the deposition of adatoms and the nucleation of islands. 
Films grown at 1.5 ML/min have a slightly larger interface 
width than films grown at 0.15 ML/min due to their higher 

nucleation density. Interface width is essentially unaffected 
by initial kink density. Step width of (100) and (110) steps 
are approximately the same and are unaffected by growth 
rate and initial kink density within the statistical uncertainty. 
The largest increase in step width occurs between 0 and 0.05 
ML of Co deposit. A small amount of Co arriving at a step 
edge apparently induces a significant amount of restructur- 
ing, after which further Co deposition causes only incremen- 
tal restructuring of the step edge. The addition of initial kinks 
to the steps did not affect the interdiffusion width. Slow 
growth produced significantly more interdiffusion than fast 
growth, with the effect being more pronounced on (100) 
steps compared to (110) steps. 

Simulations were also performed on terraces without Co 
deposition. (100) steps formed (110) facets similar to those 
formed during the Co deposition simulations, however, the 
step width was approximately half as large for the equivalent 
amount of simulation time. (110) steps formed rectangular 
inclusions only during simulations that included a nonzero 
initial kink density. These inclusions were much less deep 
and wider than those simulated during Co deposition. Co 
deposition is therefore enhancing the roughening of the step 
edges. 

B. Temperature effects 

Simulations of the initial stages of growth (0.05-0.20 
ML) on substrates held at 275 K, 300 K, and 325 K were 
performed. We chose this temperature range because experi- 
ments suggest that in this region interdiffusion begins to be- 
come important.2,3 Simulations were performed only for no 
initial kinks, since kink density was not a significant factor in 
the simulations described previously. 

Mean island area increases linearly from 7 nm2 at 275 K 
to 25 nm2 at 325 K for slow growth on (100) while the 
nucleation density decreases from 0.015 nm-2 to 0.005 
nm-2. For fast growth, the mean island area is about half as 
large as for slow growth accompanied by a corresponding 
increase in the island density by a factor of 2. This is con- 
sistent with increased adatom mobility at higher tempera- 
tures. Average island size for growth with (110) steps does 
not reflect this trend because the terrace separation is smaller 
and at high temperatures all adatoms often migrated to the 
bottom of the steps. Thus the mean island size was about 5 
nm2 at all temperatures for both growth rates, while the 
nucleation density was comparable to that on (100) at all 
temperatures. 

Interface width decreases slightly with increasing tem- 
perature for fast and slow growth proximal to both (100) and 
(110) steps. This is related to the size distribution since is- 
lands of smaller size increase the interface width. Step width 
increased only slightly for increased temperature for (100) 
steps. This is consistent with a greater mobility of step edge 
atoms. The steps are more free to restructure along (110) 
directions in order to lower energy. For (110) steps, the step 
edge is in fact becoming more smooth with increasing tem- 
perature. 
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Interdiffusion width increases markedly with increasing 
temperature (from <lao to >5a<,). The effect is more pro- 
nounced for slow growth, which is again consistent with in- 
creased mobility. Interdiffusion is approximately the same 
for (100) and (110) steps at RT, however at higher tempera- 
ture is larger for (100). Initial kink density appears to have 
no significant effect on interdiffusion. In the simulations for 
0.15 ML/min at 325 K with steps along (110) all of the Co 
has attached to step edges (no islands). The average width of 
the transition from pure Co to pure Cu (interdiffusion width) 
is 5ao, or -1.8 nm. The average width of the Co region 
along the step is —3 nm, therefore over half of the Co atoms 
in this simulation could be considered to be in a surface alloy 
phase. If we continued growth to 1.7 ML (the ferromagnetic 
transition), assuming no further interdiffusion, this would 
represent about 7% of the Co atoms. This number would 
decrease with increasing terrace width. It would, however, 
increase significantly with the inclusion of step bands, which 
have a high step density. We have simulated step bands by 
including a trough in the Cu substrate, and find that the level 
of interdiffusion in the troughs is even higher than that at 
steps. While the actual percentage of interdiffused atoms will 
depend on step and step band density, it is clear that an 
increase in temperature of 50 °C can produce a significant 
increase in interdiffusion and perhaps a significant surface 
alloy phase. 

We have also simulated Co growth of 1 ML at RT near a 
trough followed by several seconds of annealing at 300 and 
350 K. Annealing at 300 K did not have a significant effect, 
however annealing at 350 K for 10 s resulted in a single layer 
of Cu coveting approximately 2/3 of the Co. The Cu mi- 
grated from areas of exposed Cu, leaving behind large vacant 
areas. This is consistent with experimental results. • The 
morphology obtained in these simulations resembles that ob- 
tained in our scanning electron microscopy (SEM) results 
which exhibit the exchange mediated growth mode. 

C. Co-Cu binding energy effects 

Because the Co-Cu binding energy was not precisely 
known, it was varied as a parameter to see its effect on film 
growth morphology. Co-Cu binding energy was varied from 
0.17 to 0.29 eV in increments of 0.02 eV. Representative 
samples are shown in Fig. 1, which include the atomic posi- 
tions of the top three levels of atoms for Co deposition of 
0.20 ML grown with Co-Cu binding energy for 0.17 (a), (b) 
0.21 (c), (d) and 0.25 (e), (f) eV/NN bond for (100) (a), (c), 
(e) and (110) (b), (d), (f) terraces at 0.15 ML/min with no 
initial kinks. The most striking effect is the increasing fre- 
quency of doublfijieight Co islands with decreasing Co-Cu 
binding energy^wrrieh, at 0.17 eV/NN/bond^nearly ^ Co 
atoms including those decorating the step edge exist^in 
this double-height state. This is reasonable since an atom on 
the top level of a double height island will be more tightly 
bound than an atom in a single height island with the same 
number of NNs. 

Quantitative results of previously described measures as a 
function of Co-Cu binding energy have been compiled in 

Fie 1 Simulation results for Co deposition of 0.20 ML at 0.15 ML/min in 
the presence of < 100> (a), (c), (e) and < 110> (b). (d), (f) terraces for Co/Cu 
NN binding energies of 0.17,0.21, and 0.25 eV/NN bond. Black squares are 
Co, gray squares are Cu, and white squares are the Cu substrate. 

Fig. 2. The mean island size is larger and density smaller for 
slow growth than fast growth [Figs. 2(a), 2(b)]. The mean 
island size increases with increasing binding energy from 
0.17 to 0.21 eV, above which it remains fairly constant. The 
island density [Figs. 2(c), 2(d)] decreases dramatically be- 
tween 0.17 and 0.21 eV, then remains fairly constant there- 
after. Both of these are consequences of the increase in 
double-height islands. 

The interface and interdiffusion width as a function of 
Co-Cu binding energy is shown in Figs. 2(e)-2(h). Interface 
width is highest at low energies due to double-height islands. 
The dependence of the interdiffusion width on Co-Cu bind- 
ing energy is quite different for (100) and (110) steps. The 
interdiffusion width for (100) steps peaks at 0.21 eV. The 
interdiffusion width for (110) steps increases steadily with 
increasing binding energy. The interdiffusion width for 
(110) steps increases at a higher rate for slow growth than 
fast growth. No other measure reflects such a qualitative dif- 
ference between the dependence of (100) and (110) steps on 
Co-Cu binding energy. 

D. Step orientation effects 

The orientation of steps in our growth experiments often 
do not lie entirely along (100) or (110), as steps often are 
pinned by defects. In order to investigate the general orien- 
tational dependence of steps, we have simulated the begin- 
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Fie. 2. Mean island size (s„) (a), (b). island density (N„) (c), (d), interface 
width (Wjj (e), (f), and interdiffusion width (W„) (g), (h) as a function of 
Co/Cu binding energy for 0.20 ML of deposited Co for terraces with steps 
oriented along < 100) (a), (c), (e), (f) and (110) (b), (d), (f), (h). Each graph 
includes plots of growth at 1.5 and 0.15 ML/min with initial kink densities 
of 0 kinks/site. 

FIG. 3. Comparison of SEM micrographs with simulation results for 0.1 ML 
(a), (b), 0.2 ML (d), and 0.4 ML (e), (0 depositions with step edges aligned 
along (100). Arrows denote < 100) directions. Growth rate was 0.15 ML/min 
for all. 

ning stages "of growth for 1.5 ML/min and 0.15 ML/min for 
orientations between (100) and (110) in increments of 5°. 
The kink density will, by necessity, change with orientation 
with the maximum half way between (100) and (110). The 
step width was equal for (100) and (110) steps, and was 
approximately 1/3 smaller for all other orientations. The step 
width was slightly larger for fast compared to slow growth. 
Interdiffusion decreases approximately linearly with orienta- 
tion from a maximum at (100) to a minimum at (110). In- 
terdiffusion is larger for slow growth than fast growth. This 
is consistent with earlier interdiffusion width results. These 
results tend to rule out the possibility of dramatic morpho- 
logical changes occurring for intermediate step orientations. 

E. Comparison with growth experiment 

Monte Carlo growth simulations reproduced many fea- 
tures of the island growth mode observed during growth ex- 
periments. The faceting of step edges is reproduced, however 
the length scale of the facets is smaller in the simulations 
than in the growth experiments. During growth experiments 
step bandstend to form arcs between pinning sites, therefore 
perfecting^ 100) or (110) step edges is not the norm. We do 
find, however, many small lengths of step edges which are 
aligned nearly along crystallographic axes. These segments 
can be compared to simulation results in order to test the 
efficacy of the simulations. Figure 3 includes SEM micro- 

graphs (left) and simulation results (right) of RT growth near 
(100) steps of 0.1, 0.2, and 0.4 ML all at 0.15 ML/min. 
White arrows in the micrographs denote the (100) direction. 
The step edge parallel to the arrow in Fig. 3(a) shows large 
scale faceting, on the order of 5-7 nm. Faceting of the step 
edge in the 0.10 ML simulation [Fig. 3(b)] appears similar 
although the size of the facets is slightly smaller (2-3 nm). 
In Fig. 3(d), an island has grown into the step edge in the 
middle of the right step which produces a feature similar to 
the facets seen in Fig. 3(c). This could conceivably account 
for the larger scale faceting observed in the micrographs, 
however the islands do not appear to be large enough or 
rectangular enough to have caused, the faceting in either Fig. 
3(a) or 3(c). The irregular shape of the islands in the micro- 
graphs is not reproduced by the shape of the islands in the 
simulations. STM images9,11"13 show islands with similar 
shapes to those in Figs. 3(a), 3(c), 3(e). Relaxation likely 
occurs at the edge of islands and at steps. This process is 
omitted in our simulation model. Addition of this process 
would change the kinetics and might account for the discrep- 
ancy in island shapes. 

Figure 4 includes SEM micrographs (left) and simulation 
results (right) of growth near (110) steps of 0.1, 0.2, and 
0.35 ML, also at 0.15 ML/min. The step edges in the simu- 
lations have formed approximately rectangular inclusions, 
usually in a region with islands close to the step. Areas with- 
out these inclusions tend to have a region denuded of islands 
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FIG. 4. Comparison of SEM micrographs with simulation results for 0.1 ML 
(a), (b), 0.2 ML (c), (d), and 0.35 ML (e), (f) depositions with step edges 
aligned along (110). Arrows denote {110) directions. Growth rate was 0.15 
MUmin for all. 

near the terrace. The missing Co atoms are obviously in the 
islands near the inclusions. Such a region appears to exist in 
the vicinity of the arrow in Fig. 4(a), however the inclusions 
are much deeper than those in 4(b). This suggests than an 
exchange mechanism may be contributing to the restructur- 
ing of the step edges. As deposition increases [Figs. 4(c)- 
4(f)] the size of the inclusions increases in both growth and 
simulation experiments. The growth experiments, however, 
produce some striking step edge morphologies, as seen in 
Figs. 4(c) and 4(e). These features were not reproduced in 
the simulations, except perhaps for higher deposition where 
island capture by the terrace is evidenced. This observation 
suggests, again, that some exchange process is at work, or 
perhaps Cu has migrated from this area, thereby forming the 
inclusion. Clearly the kinetics at steps are more complicated 
than the barrier model in our simulation produces. The sur- 
face in Fig. 4(c) is an example of the exchange growth mode 
described previously.4 Islands are quite rare and step edge 
restructuring tends to be more pronounced than in surfaces 
exhibiting the island growth mode. This morphology has not 
been reproduced in the corresponding simulations. 

A comparison of island statistics for growth experiments 
exhibiting the island growth mode with simulation results is 
presented in Fig. 5. Mean island size (a), island density (b), 
and the percent of the surface covered by islands (c) is 
shown as a function of deposit. The smaller symbols repre- 
sent simulation results and the larger symbols represent 

20 
18 

^   16 
<V    14 
1    12 
•=-   10 

8     8 CO          § 

4 
2 

0.06 
~.  0.05 
J
E   0.04 
S  0.03 

a o.02 
Z   0.01 

0.00 

1? 42 
u 

%   32 
z ??. o 
*   12 

<a) 

CD r   2 

(b) -•—Simulation <100> 
-*— Simulation <110> 
■    Growth (near steps) 

l=^=+ 

H 1 1 h- 

.(c) 

0.0   0.1    0.2   0.3   0.4   0.5   0.6 

0deP (ML) 

FIG. 5. Comparison of mean island size (slv) (a), island density (Nav) (b), 
and the percent of the surface covered by islands (flui)(c) as a function of 
Co deposit between simulation experiments and growth experiments. 
Growth experiment data was measured in regions with step densities similar 
to the simulations. Growth rate was 0.15 ML/min for all. 

growth experiment results. Each growth data point represents 
the mean value obtained by analyzing several micrographs 
taken in different areas of the sample. The error bars repre- 
sent one standard deviation. SEM micrographs selected for 
analysis included single height steps with a similar step 
length to surface area ratio as in the simulations. The simu- 
lation data represent 0.15 ML/min growth near (100) and 
(110) step edges with no initial kinks. The percent of the 
surface covered is reproduced well by the simulations, while 
island density is slightly higher and mean island area is 
lower in the simulation experiments than in the growth ex- 
periments. 

In Figs. 4(c), 4(e) and in many micrographs not shown, 
bright regions are evident along some of the step edges, in- 
dicating that some step edge decoration has occurred. For 
Co-Cu binding energy near 0.21 eV there is a significant 
amount of step edge decoration with a small number of 
double height islands. The step edge decoration tends to be 
as deep as the Co adsorption region at the terrace level, since 
the lower Co-Cu binding energy favors Co-Co bonds. 
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While we cannot precisely determine the Co-Cu binding 
energy from these experiments, we can say that it is probably 
greater than 0.19 eV/NN bond based on the island density 
and lack of double-height islands. Another possible explana- 
tion for the step edge decoration is the existence of a 
Schwoebel barrier14—that is an additional barrier to hop 
down over a step edge. These simulation results indicate that 
for heteroepitaxial systems such a barrier may, in fact, be the 
result of a particular ratio of binding energies rather than a 
separate effect. 

IV. CONCLUSION 

We have performed Monte Carlo growth simulations of 
the growth of Co/Cu(100) in the presence of steps, terraces, 
and kinks. These simulations were not intended to study Co/ 
Cu(100) growth from first principles, rather we were looking 
to answer specific questions relating to our experimental re- 
sults. Simulation results for systems with and without Co 
growth have confirmed that the beginning stages of Co 
growth accelerate the faceting of (100) steps along (110) 
directions, and promote faceting of (110) steps, also along 
(110) directions. We believe this is driven by surface free 
energies: first by Cu moving to lower the number of dangling 
Co bonds, then by restructuring of the step edge to facets 
along the lowest energy face ((110)). The size of the faceted 
features observed in growth experiments was often signifi- 
cantly larger than those observed in simulation experiments. 
Larger scale facets were observed in simulations of annealed 
surfaces. This suggests that the model does not reproduce 
well the kinetics at steps, and could probably be improved 
upon with more realistic barrier heights. 

Interdiffusion is essentially complete by 0.20 ML deposi- 
tion. Interdiffusion increases with increasing temperature and 
decreasing growth rate, consistent with more time for atoms 
to rearrange positions between subsequent adatom arrival. 
Interdiffusion increased with increasing Co-Cu binding en- 
ergy, presumably because these Co-Cu bonds are more dif- 
ficult to break and thus the rate at which they break de- 
creases. Varying the step orientation from (100) to (110) in 
small increments produced a steady decrease in interdiffu- 
sion. This result may be important for the magnetism of vici- 
nal (100) surfaces which have regularly spaced (110) steps 
only,1 and thus would have a minimum amount of interdif- 
fusion for a given step density. It is clear that the interface 
between Co and Cu is not sharp on an atomic scale: the 
width of the interdiffusion region (10%-90% concentration) 
is approximately 0.7-1.5 nm. For growth at 0.15 ML/min 

there is approximately one interdiffused atom for every two 
unit cells (~0.7 nm) along the length of an average step. 
Interdiffusion, therefore, is highly dependent on step density 
(terrace width). 

Island size and density compare favorably with growth 
results for the island growth mode, and the effects of depo- 
sition rate and temperature are consistent with accepted ki- 
netic models. Island shapes are not well reproduced. Many of 
the features observed in the exchange mediated growth mode 
suggest an etching of the step rather than a simple restruc- 
turing along (110) facets. This morphology was duplicated 
somewhat during annealing simulations. We believe the dis- 
crepancy between growth experiments and simulation ex- 
periments is due to kinetics. The barrier height model em- 
ployed in our simulations works well for nucleation and 
growth of islands, however the kinetics at steps is more com- 
plicated. One or more processes at steps must occur at much 
different rates than predicted by our model. One possible 
example is adatom diffusion along a step, which as evidence 
suggests15 may have a lower activation energy than adatom 
diffusion across a terrace. The most promising method to 
improve the simulation results would be to use a complete 
set of barrier height calculations. This may allow the deter- 
mination of exactly which processes are responsible for the 
etching features we observed. 
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Magnetic nanostructures produced by electron beam patterning of direct 
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Transition metal (TM) fluoride electron beam sensitive resists suitable for the in situ fabrication of 
arbitrarily shaped nanometer scale magnetic structures have been developed. 20 nm thick TM 
fluoride films are prepared by thermal evaporation onto thin carbon films. Nanopatterns are written 
directly into the TM fluoride film in a scanning transmission electron microscope using a 0.5 nm 
diameter electron probe. Electron energy loss spectroscopy measurements indicate that as fluorine 
is released, the TM coalesces. Electron micrographs of exposed patterns show that the resist 
resolution is on the order of nanometers. Exposure of broad areas leads to coalescent TM layers 
which cap the remaining fluoride and decrease the rate of fluorine removal. The cross section for the 
removal of a fluorine atom and the cross section for the same process in the presence of an 
arbitrarily thick capping layer were measured. An electron dose of 1000 C/cm2 at 100 keV will 
remove 90% of the fluorine from a 20 nm thick CoF2 film. © 1998 American Vacuum Society. 
[S0734-2101(98)02303-3] 

I. INTRODUCTION 

Recent progress in the experimental study of the growth 
and characterization of metals on insulators and semiconduc- 
tors has been motivated by the need to develop smaller inte- 
grated semiconductor and magnetic devices. The majority of 
solid state devices are still fabricated using Si due to the 
existence of its native oxide, Si02. Direct patterning of elec- 
tron beam sensitive transition metal halides allows for the 
creation of nanometer scale magnetic structures at room tem- 
perature without chemical processing. This method may fa- 
cilitate the fabrication of fully integrated electronic and mag- 
netic devices on a single substrate without the deleterious 
effects of silicide formation. Magnetic sensors, high speed 
microwave guides, and non-volatile memory are just three of 
the many applications which may result from constructing 
solid state devices using transition metals on Si. 

Nanometer scale magnetic structures are ideal canonical 
systems for studying fundamental processes in magnetism. 
In situ fabrication mediates the effects of oxide formation 
such that magnetic coupling studies can be performed be- 
tween structures composed of different shapes over a wide 
range of length scales. The ability to vary the precise shapes 
and geometric order of arrays of nanometer size magnetic 
structures creates opportunities for studying magnetic stabil- 
ity as a function of temperature and externally applied mag- 
netic field. 

There are several methods that are employed in the manu- 
facture of small magnetic structures. The most common, op- 
tical lithography,1 is a well developed technology that has 
been widely used. Although optical lithography can provide 
very high throughput, the smallest size that can be created is 
limited by diffraction to about 0.2 fj.m. The optical method 
involves exposure, processing, evaporation, lithography and 
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lift-off. Conventional x-ray and electron beam lithography2-6 

increases the resolution of the pattern transfer process to nm 
length scales, but still requires post processing to remove the 
resist. The creation of large arrays of small structures can be 
accomplished through self-organization.7,8 This method al- 
lows for the fast manufacture of nm structures over large 
(macroscopic) areas. Although self-organization produces a 
very rich variety of structures, there is little control over 
individual particle shapes, ordering in arrays and length 
scales. Self developing resist x-ray and electron beam 
lithography9-12 is a compromise among throughput, resolu- 
tion and chemical reactivity during processing. The method 
is very flexible for the in situ manufacture of nano-structures 
yet the throughput is limited by resist sensitivity and serial 
processing. However, it is ideally suited for the generation of 
the small structures needed to examine fundamental mag- 
netic properties at nanometer length scales.7,8 Na, Li, Mg, 
and Al metal halides self-developing resists9-12 have been 
used successfully to prepare nanometer metal structures in an 
electron microscope. However, there appears to have been no 
successful attempts at the manufacture of nanometer mag- 
netic structures using direct writing in self-developing re- 
sists. 

We have tested several transition metal halide compounds 
for suitability as self-developing resists for the manufacture 
of magnetic nanostructures. Of the eight transition metal ha- 
lides tested (FeF2) FeF3, FeCl2, FeCl3, CoF2, CoF3, CoCl3, 
and NiF2) only FeF2 and CoF2 are sensitive enough to the 
electron beam. In this article we report on in situ experiments 
designed to produce controlled, nanometer sized magnetic 
structures using FeF2 and CoF2 electron beam sensitive re- 
sists. The resist properties are characterized using electron 
energy loss spectroscopy. 
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II. SPECIMEN PREPARATION 

The preparation and properties of self-developing FeF2 

\\ and CoF2 films will ultimately define their utility a^Telec- 
tron beam resists. The thickness of the evaporated film af- 
fects both intrinsic properties such as grain size and unifor- 
mity as well as extrinsic properties such as the transparency 
of the resist to the electron beam during the exposure pro- 
cess. Extremely thick (> 100 nm) resists are not sufficiently 
electron transparent to use electron holography13 for charac- 
terization. Thick films degrade the resolution in the direct 
write process as they scatter the electron beam strongly. 
The grain size which increases with increasing film thickness 
may also limit the ultimate resolution of the patterns trans- 
ferred with the electron beam. While thin films are easy to 
write and can have extremely small grains, the coalesced 
metal structures may not be thick enough to be thermally 
stable. 

Thin FeF2 and CoF2 (10-20 nm) films were prepared by 
thermal evaporation onto a 2-5 nm thick amorphous carbon 
films in a vacuum of 10"8 mBar. Thermal evaporation of 
metal halides typically requires temperatures in excess of 
1000 °C.15 To ensure chemical uniformity of the resists, we 
use a molybdenum boat which does not form any stable 
compounds with the resist components. The residual pres- 
sure of oxygen and water in the evaporation chamber must 
be low enough to prevent the halides from decomposing and 
forming oxides and/or hydrates. The evaporated films have a 
polycrystalline structure with a crystal grain size ranging 
from 10 nm to 200 nm. The size of the polycrystals is a 
strong function of temperature, film thickness and growth 
rate, ranging from about 10 nm (1 nm/sec) to 100 nm (0.08 
nm/sec) for 20 nm thick FeF2 films grown at room tempera- 
ture. A growth rate of 1 nm/sec was a practical compromise. 
The thickness and composition of the films were analyzed 
using Rutherford back scattering. 

Both FeF2  and CoF2  form anhydrous compounds. 
CoF2 has three hydrates^CoF2«2H20, CoF2«3H20, and 

\\ CoF2«4H20. CoF2«4H20^decomposes at a temperature of 
200 °C. It is expected that the other two hydrates decompose 

/j in^the same temperature -fange. FeF2 has two hydrates: 
FeF2«4H20 and FeF2«8H20. These hydrates decompose at 
100 °C. The presence of water in the halide films degrades 
both the sensitivity and resolution of the resist. Preheating 
the evaporant and boat to 200 °C in UHV decomposes the 
hydrates and removes the water. Evaporation was performed 
at a temperature between 1000-1100 °C. Although a higher 
temperature would increase the growth rate and decrease the 
polycrystallite size, it could decompose the bulk halide. Af- 
ter evaporation of the film, the specimen must be transferred 
immediately to the microscope since leaving the halide film 
exposed to air for ten minutes severely degrades the resist 
properties. 

III. EXPERIMENTAL INVESTIGATION OF THE 
METAL HALIDES PROPERTIES 

Both the nanopatterning and nanocharacterization experi- 
ments were performed in a Vacuum Generators HB501 

FIG. 1. High angle annular dark field image of a resolution test pattern 
transferred into CoF2 using 100 keV electrons in STEM. The gray areas are 
CoF2, the black areas are metallic Co. The resolution here is limited by the 
scan rather than the resist to about 5 nm. Proximity resist effects can be 
observed. 

Scanning Transmission Electron Microscope. This micro- 
scope is equipped with a Gatan® Parallel Electron Energy 
Loss Spectrometer (PEELS) and an EmiSpec Vision® com- 
puter controlled data acquisition system.17 Ultimately, this 
microscope can focus 1 nA of 100 keV electrons into a beam 
5 nm in diameter. Digitized patterns were transferred into the 
halide films by controlling the 100 keV electron beam with a 
computer while monitoring the electron dose. The computer 
controlled National Instruments® AT-MIO-16E-2 multichan- 
nel digital-to-analog converter can scan the electron beam at 
rates of up to 400 kHz. Our custom scanning software allows 
virtually any pattern to be transferred into the resist. Figure 1 
shows a resolution test pattern that has been transferred into 
the CoF2 resist. This high-resolution annular dark field 
(ADF) image shows the CoF2 as gray, and the coalesced Co 
metal as black. A line scan taken across a single Co line at 
right has a width (FWHM) of approximately 5 nm. This is 
not the resolution limit of the resist but rather the linewidth 
selected for this exposure. There are some proximity effects 
in lines exposed close to one another. The boxes at the top of 
Fig. 1 have incomplete exposure of the lines that comprise 
the left side of each box. This is because the pattern was 
written from left to right. The exposed right side of the box 
immediately to the left of a given box decreased the resist 
sensitivity local to that exposed line. This proximity effect 
can be seen in the center of the exposed spoke pattern in the 
wheel at left in Fig. 1, and as roughness in the smallest lines 
written close together at the top of the array of lines at the 
bottom of Fig. 1. In all other cases, the lines are continuous, 
even and clearly resolved. 

The self-development process was qualitatively character- 
ized using bright and dark field imaging, and quantitatively 
characterized with electron energy loss spectroscopy 
(EELS). EELS spectra can provide valuable information in 
both low loss (0-100 eV) and high or core loss (100-1000 
eV) energy loss ranges. The low loss EELS spectra can be 
used to investigate changes in the electronic properties dur- 

J. Vac. Scl. Technol. A, Vol. 16, No. 3, May/Jun 1998 



Dmitry Streblechenko and M. R. Schelnfeln : Magnetic nanostructures produced by electron beam patterning 

a-  5oo 

g    2000 

FeF. 

CoF« 

700 800 

Energy loss (eV) 

Fluorine 
concentration % 

650 700 750 800 

Energy loss (eV) 

Fia. 2. Electron energy loss spectra in the energy region surrounding the FIG. 3. Dose response EELS spectra in the core excitation region for CoF2. 
fluorine K-edge (685 eV), the Co (779 eV) and Fe (708 eV) L^ excita- The decrease in the F K-edge intensity near 690 eV energy loss is evident as 
tions for (a) FeF2 and (b) CoF2 before and after electron beam irradiation. a function of the dose indicated at left. The relative F concentration is shown 

at right. 

ing irradiation. Changes in the composition of the compound 
during electron irradiation can be determined by monitoring 
the core loss^excitation spectra (scattering cross section) dur- 
ing the electron exposure process. Figures 2(a) and 2(b) il- 
lustrate typical EELS spectra for FeF2 (CoF2) taken from 
both exposed and unexposed areas in the energy region sur- 
rounding the fluorine K (685 eV) excitation and the Co (779 
eV) and Fe (708 eV) L2_3 excitations. It is clear from the 
spectra shown in Fig. 2 that in the exposed areas fluorine was 
completely removed, while little iron/cobalt mass loss is ob- 
served. 

We separate the analysis of the self-development process 
in electron beam exposed regions of FeF2 and CoF2 into two 
categories: (a) An electron-beam/resist interaction occurs in 
exposed areas where F is liberated and the transition metal 
coalesces. This interaction governs the most basic properties 
of the resist such as its sensitivity and any thickness depen- 
dent effects, (b) In the vicinity of the exposed areas, diffu- 
sion of iron/cobalt, redistribution of the halide, and proxim- 
ity effects due to high angle electron scattering and 
secondary electron creation reduce the sensitivity of the re- 
sist. 

The sensitivity of CoF2 to electron exposure can be mea- 
sured by monitoring the relative concentrations of Co and F 
during the irradiation process. Typically, a small region of 
the sample surface is scanned with the electron beam. The 
current is monitored as a function of time so that the total 
electron dose can be established. EELS spectra are accumu- 
lated frame by frame as a function of time (dose). One such 
time series acquired for a 20 nm thick CoF2 film is shown in 

Fig. 3. EELS spectra are shown near the F-K and Co-L2<3 

edges for the five electron doses shown at left. The relative 
concentration of F can be determined by fitting (I=AE~r) 
the EELS spectra before the edge (£<675 eV), subtracting 
this background, and integrating for a fixed energy window 
under the excitation peak.18 The relative concentration of F is 
shown in Fig. 3 at right. 

A series of spectra like that shown in Fig. 3 illustrates 
how the dose response can be extracted from EELS spectra. 
Using EmiSpec Vision® image acquisition and processing 
software, such EELS spectra can be collected in real time, 
the background subtracted, and the suitable energy window 
integrated, yielding the elemental concentration as a function 
of dose. The four dose response curves in Figure 4 show 
both the Co and F concentrations as functions of time (dose) 
for four different exposed areas, 48X48 nm2, 70X70 nm2, 
140X140 nm2 and 190X190 nm2 in Figs. 4(a)-4(d) respec- 
tively. The different size areas were selected in order to ex- 
plore the dose rate dependence during the exposure process. 
Each experimental point in Fig. 4 indicated by a solid sym- 
bol is extracted from an EELS spectrum similar to those 
shown in Fig. 3. The time scale in Fig. 4 was normalized to 
give a constant current of 100 nA on the condenser aperture 
(corresponding to 140 pA at the specimen) using a series of 
current measurements, each taken simultaneously with the 
EELS spectral series. This procedure is required in order to 
correct for the beam current instabilities which can be as 
high as 70% over a period of several minutes. Variations in 
electron beam current (dose) were also monitored by mea- 
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FIG 4 Dose response curves for CoF2 show both the relative Co and F 
concentrations as the functions of time (dose) for four different exposed 
areas, (a) 48X48 nm2, (b) 70X70 nm2, (c) 140X140 nm2. and (d) 190X190 
nm2. The different size areas were selected in order to explore the dose rate 
dependence in the exposure process. 

suring the area under the carbon K-edge excitation peak in 
each EELS spectrum. Since each transition metal halide film 
was deposited on a thin amorphous C substrate, this signal 
should remain constant in time unless carbon builds up on 
the specimen during exposure. Bright and dark field STEM 
images and EELS spectra were inspected both before and 
after each exposure to ensure that no appreciable carbon 

buildup occurred. 
Expected trends are illustrated in Fig. 4. The Co concen- 

tration is approximately constant, while the F concentration 
decreases nearly exponentially. A very simple model of F 
liberation was developed in order to explain the observed 

\fc 
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FIG 5  Simple models for exposure include in order of increasing complex- -~ 
ity (a) a simple capping layer, (b) simple capping layer with volume ex- -^ 
posed regions; (c) continuous distribution of metallic Co; and (d) the addi-j. 
tion of Co diffusing out of the exposed region. _,^ 

-.rx-i 

behavior of the resist under electron beam irradiation ati|^ 
schematically illustrated in Fig. 5. The simplest model of th«| " 
exposure process is shown in Fig..5(a). Metallic cobalt op* 
lesces only on the exposed region of the surface of the Cog- 
film. A surface layer is expected when the probability, og- 
escape to vacuum is higher close to the surface. It is possib 
that metallic cobalt forms a continuous surface layer wi   .^ 
coalesced clusters with some unknown distribution under|| 
neath [Fig. 5(b)], or even some continuous depth distribution 
[Fig. 5(c)]. It is possible to measure the Co (metal) de"* 
distribution performing dose response measurements fop 
sists of different thickness. However, since the usable rj 
of film thickness is limited in our application, this was^ 
pursued. Co surface migration can play an important rojf 
defining the resist resolution through proximity effect«- 
Co migrating along the surface out of an exposed- 
[Fig. 5(d)] can be minimized by exposing sufficient! 
areas and monitoring Co concentration. 

Since the nearly exponential initial decay in F con< 
tion becomes much slower at later stages of exposure^ 
we postulate that the reduced rate of F escape at higtf 
can be explained by the newly coalesced Co metaL, 
the F in the layer of CoF2 that is still unexposed un< 
the capping layer [Fig. 5(a)]. This is the simplest ffl? 
5(a)] to analyze the exposure process. The ptoce% 

J. Vac. Scl. Technol. A, Vol. 16, No. 3, May/Jun 1998 



Dmitry Streblechenko and M. r-.. Scheinfein : Magnetic nanostructures produced b, dlectron beam patterning 

TABLE I. Dose response model parameters for CoF2. 

Figure # 

Fig. 4(a) 
Fig. 4(b) 
Fig. 4(c) 
Fig. 4(d) 

Area nm2 

48X48 
70X70 

140X140 
190X190 

ßU 

0.1 ±0.03 
0.042:0.01 

0.005±0.002 
0.0007±0.0002 

rN0 

14=3 
11 ±3 
12*3 
2*0.5 

O-F 10" cm* 

0.25 ±0. 1 
0.23±0.07 
0.11*0.04 
0.03 ±0.01 

"Co 10 
cm" 

,-20 

750±2O0 
600±200 
650±200 
100±300 

described by the following differential equation: 

dN F(0 

dt 
-/3/^coF,(0exp[-r^Co(0]. (1) 

N'F(t) is the areal density (atoms per cm2) of F escaping from 
the film, NCo the areal density of the coalescent metallic Co, 
and NCOF ^ are-*1 density of CoF2 molecules, ß is the ion- 
ization cross section for removing one atom of fluorine from 
a CoF2 molecule (if the 100 keV incident beam current den- 
sity Ie is expressed in electrons/sec/cm2), and the exponen- 
tial factor reflects the potential barrier which traps the F be- 
neath the Co layer, with y as a measure of the trapping 
strength, i.e., y is a cross section for one Co atom capping 
one F atom. The time dependent concentrations of CoF2 and 
coalescent metallic Co are given by 

N. 
-V 

CoF {t) = NQe-'^\    NCo(t)=^-(l-e-'^),       (2) 

where N0 is the initial number of atoms in CoF2 molecules in 
the unexposed film. The number of atoms of the remaining F 
(bound in-GoF2) is 

NF{{)= lN0-N'F(t)= \NCo4t)= \N0e-'«<\ (3) 

Note that Eqs. (2) and (3) are completely general since T 

= r(f) is an explicit function of time; the only model depen- 
dent equation is Eq. (1). Substitution of (2) and (3) into (1) 
gives the relative concentration of the remaining fluorine 

fcix^as 

£e-««')=--ßIeexp[-tlT{t)] 
dt 2 

(4) 
/      N \ 

xexp -y---{l-exp[-;/T(0]}J 

which cannot be solved in closed form for general r(f); so- 
lution in a series expansion of t for small t tends to be inac- 

curate. 
The results of fitting Eq. (4) to the experimental data in 

Fig. 4 with ßle and yN0 as unknown parameters for a film of 
22 nm nominal thickness, resist density of 4.46 g/cm3 and 
electron beam current of 140 pA on the sample are shown in 
Table I. crF is the ionization cross section for removing one 
atom of F by with one 100 keV electron, and aCo is the 
capping cross section defined as probability of capturing one 
F atom by one Co atom. The decrease in the values of the 
cross sections with the increasing exposed area size can be 
attributed to specimen drift. Errors of sactt kind are hard to 

correct since it is not possible to view the image on the 
microscope screen while the resist is being irradiated. The 
cross-sections shown in Table I indicate that a 100 keV elec- 
tron has a 3X 10~6 chance of ejecting one F atom out when 
passing through the CoF2 elementary cell while one metallic 
Co atom has a 5X 10~3 chance of trapping one F atom from 
the coalescent layer below. The Co trapping cross section 
ultimately defines the maximum practically useful thickness 
of the resist, e.g., for 500 layers of the coalescent cobalt 
(«150 nm) on top of CoF2, a F atom has only a 10% chance 
of escape according to the model used. 

The image shown in Fig. 1 suggests that CoF2 resist reso- 
lution is not limited by the polycrystallite size. Unlike some 
other self-developing electron sensitive resists (e.g., A1F3), 
the coalescent metal in CoF2 and FeF2 resists does not seem 
to form clusters. Rather it is distributed uniformly across 
exposed areas. However, the proximity effect can limit the 
resist resolution. CoF2 and FeF2 may become less sensitive 
to the electron beam in the vicinity of exposed areas since 
some transition metal can diffuse out of the locally exposed 
areas, and cap the resist layers below. EELS spectrum taken 
from an exposed point (limited by the resist resolution rather 
than by the electron beam size) shows a somewhat lower 
concentration of the Fe/Co than a similar spectrum taken 
from an unexposed area. This loss of the transition metal in 
extremely small areas supports the explanation that some of 
the transition metal may spill over onto adjacent areas during 

exposure. 
In order to try to quantify the length scales for Co migra- 

tion during the exposure/capping process, we exposed a se- 
ries of the rectangular regions with the same area but varying; 
aspect ratio. It is intuitively clear that rectangles withrt av 
higher aspect ratio will have more Co diffusing outsmc^£j 
perimeter/area ratio is larger and hence there is a hl#?^ 
probability for a Co atom to escape the exposure regjo 
the crudest approximation, this process can be ^^^ 
simple diffusion with a Gaussian distribution of the-dis 
traveled by Co atoms and the diffusion distance inde« 
on whether atom travels across an exposed or unj 
area. An expression for the Co concentration in th«r< 
region can be calculated by convoluting a Gaussiaf 
tion with an initial concentration of the free Co;,Jj 
for a point inside an exposed region and 0 otherv" 
6 shows a simulation of the relative Co concen 
function of the aspect ratio for 5 different difrug 
(1, 2, 4, 8, and 16 nm) and an area of 5000 nra^ 

•fwi 

>".li&,'"" 

,-rts 
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FIG. 6. Relative Co concentration as a function of the aspect ratio for 5 
different diffusion distances (1, 2, 4, 8, and 16 nm) and an area of 5000 
nm2. The experimental data are superimposed and indicated by solid sym- 

bols. 

mental data for the rectangles with the aspect ratios of 1, 2, 
4, 8, 16, 32, and 64 with the exposed area of 5000 nm are 
superimposed on Fig. 6. Even though the experimental data 
can serve only as a qualitative measure, it allows us to esti- 
mate an upper limit for the diffusion distance as crs 4 nm, 
which is consistent with the proximity effect in the experi- 
mental image in Fig. 1. 

IV. CONCLUSIONS 
We have demonstrated that new high-resolution electron 

beam sensitive FeF2 and CoF2 resists can be vacuum subli- 
mated and used for the in situ manufacture of small magnetic 
structures. Measured sensitivity, capping, and proximity ef- 
fects show that it is feasible to use those resists for the manu- 
facturing of the arbitrary shaped magnetic structures with the 
linear size of 10 nm and a thickness of 100 nm or less over 
the area on the order of several /xm2. The lower limit on the 
size of the manufactured magnetic structure is set by the 
resists resolution. While the resist sensitivity is lower than 
that for traditional electron beam resists, electron microscope 
images can still be obtained in a conventional electron mi- 
croscope with the beam current on the order of 1 nA. 

Currently experiments are under way to investigate mag- 
netic properties of the nanostructures produced using FeF2 

and CoF2 beam sensitive resists. 
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A reliable calibration method based on ion current measurement 
for an electron beam transition metal deposition source 
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A calibration scheme based on ion-current measurement has been implemented for an 
electron-beam transition metal deposition source. Repeatable and practical means of positioning the 
source (tip), measuring the ion current, and determining the flux rate are given. Intrinsic variations 
in the structural parameters of the source and thermal effects which can modify the observed 
deposition rate were examined and compensated for. A stable regime where ion-beam current is 
directly proportional (±5%) to the growth rate has been determined. © 1998 American Institute 
of Physics. [S0034-6748(98)03407-8] 

I. INTRODUCTION 

Electron beam deposition sources are used extensively in 
surface science and for monolayer growth experiments.1 

Typically a metal tip (source) held at high voltage is placed 
in the proximity of a tungsten wire thermionic electron 
source. The current emitted by the filament heats the tip, 
thermally activating atoms in the source which enter the gas 
phase, radiate outward, and create a flux of metal atoms. A 
thickness monitor is often placed next to the sample so that 
the growth rate can be monitored in real time. In other cases, 
Auger electron spectroscopy and/or reflection high energy 
electron diffraction are used to monitor the amount of mate- 
rial deposited. When these options are not available an inde- 
pendent real time method for determining the deposition rate 
must be found.2 

The calibration method of Jones et al.2 relies on the prin- 
cipal that a small fraction of the metal atoms are ionized as 
they pass through the bombarding electrons. These ions can 
be collected on an aperture (with negative potential) placed 
in the beam path. The magnitude of the ion current is related 
to the deposition parameters as 

1~ fftr,zf)Xr,Zf)d3r, (1) 

where / is the ion current, / is the flux density of metal 
atoms, j is the bombarding current density, z/ is the source- 
to-filament distance, and the volume of integration is over 
the region subtending all flux trajectories which will strike 
the collecting aperture. The z/ dependence is included only 
to indicate that / and j vary with tip position. In principle, 
the functions / and j are not known quantities. Instead, the 
variables F and J, referring to the total atomic flux measured 
at the sample (or thickness monitor) and the total bombard- 
ing current are used since these quantities can be measured 
directly. 

If a range of source positions can be found where the 
ratio IIF is constant then the ion current, /, will be a direct 
measure of the flux rate. To successfully use this calibration 
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method such a linear region must be identified and a means 
of accurately relocating the tip in this linear region between 
subsequent depositions must be found. This task must be 
accomplished within the constraints that the tip length de- 
creases with use and the physical structure of the evaporator 
prohibits direct viewing of the tip. We demonstrate here that 
these requirements can be met. We also show two methods 
for compensating for the thermal effects in the quartz-crystal 
thickness monitor (XTC) calibration measurements. 

II. EXPERIMENT 

A schematic of our electron beam evaporator is shown in 
Fig. 1. The design is similar to that of Jonker1 and Jones 
et al? with the exception that the tip projects through a 
grounded cylindrical shroud orientated along the tip axis. A 
1 mm diameter cobalt rod floats at 3 kV and is fastened to a 
linear motion feedthrough which can be positioned with an 
accuracy of .05 mm along the evaporator axis. A tungsten 
filament located about 6 mm from the tip of the rod is heated 
with approximately 4 A of current. The tungsten filament 
consists of one cylindrical winding 1 cm in diameter. Not 
shown are the electrical feedthroughs used for filament cur- 
rent and measurement of the ion current. Also not shown is 
the rotary motion feedthrough used for opening and closing 
the shutter. 

Two apertures are shown in Fig. 1. The first is part of the 
heat shield. The second is electrically isolated, held at 
 27 V and is used to collect ion current. The first aperture 
(diameter=4 mm) has a slightly larger diameter than the 
second (diameter=3 mm) resulting in a reasonable ion cur- 
rent on the order of 0.1 nA. The size of the second aperture 
is chosen to ensure a deposition area that is somewhat larger 
than the sample area for a typical to-sample distance. In our 
experiments, the tip-to-crystal thickness monitor was 4 in. 
The tip position, z, is measured on the linear motion 
feedthrough micrometer and Zf refers to the tip-to-filament 
distance. The tip voltage, filament current and voltage, emis- 
sion current, and ion current were all measured directly dur- 
ing depositions. 
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FIG. 1. CAD drnwing^electron beam deposition source. Note the grounded 
shroud containing the tip axis. 

Flux rates were measured using a Leybold Inficon model 
XTC crystal thickness monitor. Though water cooled, the 
crystal thickness monitor is thermally sensitive. Thermal ef- 
fects due to the electron beam source can yield false readings 
as high as a few tenths of ML/min. Data from a deposition 
where the shutter was not opened demonstrate this false 
growth rate in Fig. 2. Although the initial and final readings 
of the XTC coincide almost exactly, a resting time of greater 
than 200 min was required for thermal equilibrium to be 
achieved. The initial dip and final rise in the flux rate, where 
the power supplies were turned on and off, were due to a 
ground loop between the evaporator power supplies and the 

XTC. 
The thermal effects associated with the XTC were cir- 
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FIG. 2. Plot of flux rate vs time due to the thermal effects of a deposition as 
measured on the XTC. A deposition is conducted for 24 min with the shutter 
closed and then the system is allowed to return to thermal equilibrium. 

cumvented in two ways. In the first method the XTC was 
turned on and allowed to run for 5-10 min in order to estab- 
lish a stable zero value. The filament and tip power supplies 
were subsequently turned on and the tip was allowed to 
come into thermal equilibrium (about 10 min). The shutter 
was opened for a fixed period of time (5 or 10 min) and then 
closed. Once the shutter was closed, the filament and the tip 
voltages were turned off and the XTC was allowed to return 
to thermal equilibrium. The flux rate was computed by tak- 
ing the difference between the initial and final readings on 
the XTC and dividing by the deposition time. 

In the second method the filament current was set to its 
deposition value (tip voltage off) to allow the system to 
come into thermal equilibrium. The process took about 80- 
120 min as shown in Fig. 3. At this point, measurements 
from the XTC coincided with the amount of deposited ma- 
terial, assuming the filament current was held constant. Once 
thermal equilibrium was reached, the tip voltage was applied 
and the deposition rate would be measured by recording the 
film thickness for several minutes and then fitting a line to 
the data. 

Finding a reproducible location of the tip is a fundamen- 
tal requirement for using ion current as a measurement of 
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FIG. 3. Plot of flux rate vs time due to the thermal effects of the filament 
over an extended period of time as measured on the XTC. 
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flux rate. Repositioning the tip at the same position between 
depositions ensures that the bombarding electrons strike the 
tip in a geometrically repeatable way. This ensures a stable 
tip shape which in turn produces reproducible flux rates for 
equal incident electron power densities. The following dis- 
cussion will outline a method of repositioning the tip with an 
accuracy of better than +/-0.1 mm. 

Jones et al? published a method of determining the tip 
position. In their method the tip was placed near the filament 
and operated at an emission current well below the deposi- 
tion value. Without changing the filament current or the tip 
voltage, the tip was then slowly retracted and the emission 
current was recorded as a function of tip position. The result- 
ing plots of J vs z were curves which decayed slowly and 
nonlinearly. They found by plotting the quantity d \sx{J)ldz 
vs z that all of the values, regardless of /, fell on a single 
curve with negative and decreasing slope. This procedure 
was performed prior to the first deposition when the exact 
location of the tip was still known. A plot of d \a(J)ldz vs z 
was made and the slope of the curve at the desired position 
of z was noted. By repeating this procedure after each depo- 
sition and finding the previously recorded slope, the tip could 
be accurately repositioned. 

Attempts to duplicate this method with our apparatus 
were not successful. The grounded shroud shown in Fig. 1 
had a dramatic effect on the emission current, essentially 
acting as an electron lens. Starting with the tip near the fila- 
ment, J fell off roughly linearly with z. However, as the tip 
neared the grounded shroud (diameter=5 mm), J fell off 
exponentially. As the tip was pulled back into the shroud the 
curvature of the current density, dJIdz, changed sign (inflec- 
tion point). /"Then leveled off and began to decline linearly 
again. Our data .could be fit quite well with the function 

J(z)=A/{l +exp[(z-B)/C]}+Dz+E. (2) 

Sample emission current measurements and their fits are 
shown in Fig. 4. The symbols are the data points and the 
lines are the fits. Positions of the shroud and the filament are 
shown above the graph. The values of the fit parameters, b, 
from Eq. (2) are the positions of the inflection points and are 
indicated above each curve. 

The inflection points of J occur at different values of z 
for each curve in Fig. 4. Thus, to use the inflection point as a 
measure of tip position, it is necessary to relocate the same 
curve each time the tip length changes. For a fixed tip volt- 
age, the emission current, /, is determined by the filament 
current and the tip position. That is, J=J(if,zf) with if be- 
ing the filament current. The curves shown in Fig. 4 show 
two distinct regions. In the first region, where the tip is close 
to the filament, the dependence of the emission current on Zf 
is small. If the tip were projected completely through the 
filament coil then the dependence of / on Zf would vanish 
entirely and / would only be a function of if. In the second 
region, inside the shroud, the emission current depends 
strongly upon Zf and only weakly on if. Thus, a method for 
repositioning the tip would be as follows. Project the tip 
completely through the filament and adjust if to generate a 
starting value of J equal to J0, retract the tip and record / vs 
z, then fit the curve using Eq. (2). The fitting parameter b 
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FIG. 4. Plots of/ vs z for three initial values of/. The symbols represent 
the data points and the connecting lines are best fits using the fitting function 
described in the literature. 

gives a reference position for the tip. After a deposition, the 
same curve is found again by projecting the tip completely 
through the filament coil and adjusting if to generate J0. By 
again recording J vs z a new value of b can be found and the 
change in the tip length can be computed from the difference 
of the two b values. 

The problem with the above method is that the tip length 
decreases with use. There would be a point when the fila- 
ment would be out of the range of the linear motion 
feedthrough and a large amount of usable tip would be left. 
Thus, a compromise was made. Instead of starting the tip 
completely through the filament coil, it was started at the 
deposition position. This procedure introduces a small 
amount of error in relocating a given curve. To compensate 
for this error three different J0 curves were used and the b 
values from each curve were averaged, as shown in Fig. 4. 
This average was used as the reference position for the tip. 
This technique was used during a period of testing and cali- 
bration in which over 6 mm of tip was consumed. Upon 
venting and examining the tip the error in the expected tip 
position was found to be less than ±0.1 mm. 

New tips were presharpened for 1 h by depositing at a 
flux rate of 1 ML/min in the linear region of / vs z shown in 
Fig. 4. A stable tip shape was crucial to obtain repeatable 
results. In the linear region of J vs z, the bombarding current 
strikes the tip from the sides, forming a sharp tip. This pro- 
cess is self-stabilizing. That is, at some point in time evapo- 
ration causes the tip length to decrease without changing the 
tip shape. However, if the tip is pulled back into the nonlin- 
ear J(z) region during deposition, the bombarding current is 
focused onto the end of the tip causing it to blunt. No con- 
sistent results were obtained with the tip positioned in the 
nonlinear region. A stable tip shape is critical for repeatable 
results. Once a suitable tip position is found, the tip should 
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FIG. 5. Plot of film thickness vs time for various tip positions. The tip is left 
at each position for 12 min. 

be conditioned at that position and subsequent depositions 
should be carried out at that position. 

Figure 5 shows a plot of film thickness versus time. The 
tip position was started 4.5 mm from the filament (12 mm on 
the micrometer) and retracted by 0.2 mm every 12 min to a 
final position of z/=6.5 mm (z= 14 mm). The filament cur- 
rent of 3.65 A was not changed and J was allowed to fall off 
linearly with tip position starting at 1.358 mA and ending at 
1.302 mA. The ion current was recorded for each tip posi- 
tion. As can be seen from the constant slope of the data in 
Fig. 5, the flux rate (F) for this entire region was constant In 
addition, the-measured ion current (/) was 0.065 nA with 
variations no greater than ±0.002 nA over the entire depo- 
sition. The fact that J decreased with zf by exactly the right 
amount to keep F constant is remarkable. Upon checking the 
tip position after this deposition it was found that a total of 
0.6 mm of material was removed, meaning that the total 
range of tip positions was Z/= 4.5-7.1 mm. 

A position of Z/=6 mm was selected and measurements 
of F vs / were made using two methods. First, the tip was 
started at 6 mm and not adjusted during the measurement 
process. The data points were obtained sequentially after us- 
ing the 80-120 min preheat method described above. The 
filament current was increased in discrete steps in order to 
measure F for eight different ion currents in the range from 
0.03 to 0.08 nA. A plot of F vs / with a best fit line is shown 
for three of the runs in Fig. 6. The tip position was readjusted 
between runs using the method described above. Approxi- 
mately 0.3 mm of tip was consumed during each run. The 
results from the first run in Fig. 6 show that the tip shape was 
changing slightly during the deposition period. Prior to this 
deposition at Zy=6 mm the tip had been at Z/=7.1 mm. The 
best fits for the subsequent two runs have a slope of 1.66 
ML/min/nA and 1.63 ML/min/nA, respectively. Each line 
has a y intercept less than zero but greater than 
-O.OlML/min. 

Several individual measurements (single depositions) 
were made using the no-preheat, 200 min cool down method 
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FIG. 6. Plots of flux rate vs ion current for sequential increases of filament 
current (trials) and for single depositions. 

described above. These results are also shown in Fig. 6. For 
each measurement, / was started at ~0.02 nA and slowly 
increased over a period of about 15-20 min. When this 
warm-up period was not employed, the flux rate was incon- 
sistently high and for the subsequent deposition it was low, 
as heating the tip too rapidly affected the tip shape. Total 
deposition times of 10 min were used for each data point. As 
can be seen in Fig. 6, the flux rates for the single depositions 
agree quite well with those of runs 2 and 3. For each single 
measurement the flux rate was slightly higher than those of 
the linearly fitted trials. In computing the best fit line for the 
four single deposition measurements the data point (0,0) was 
included. The slope of the line was 1.67 ML/min/nA and the 
y intercept was in the same range as those of runs 2 and 3. 

Ion current can be used as a measure of flux rate for 
transition metal e-beam deposition sources. For our evapora- 
tor design shown in Fig. 1, operating at V=3 kV and a tip- 
to-filament distance of 6 mm, the flux rate was given by the 
linear relationship 

F = 1.67/-0.005, (3) 

where F is in ML/min when /, the induced ion current, is 
measured in nA for our collection aperture and a source to 
crystal thickness monitor distance of 4 in. The reproducibil- 
ity is found to be better than 5%. A method of accurately 
relocating the tip to the position z/=6 mm between deposi- 
tions has been found which is analogous to that of Jones 
et al? The presence of a grounded shroud affected the J(z) 
plots in a way that aided in the location of the tip position. 
The tip could be relocated with an accuracy of better than 
±0.1 mm. Thermal effects on calibration measurements 
from a quartz crystal thickness monitor can be reduced by 
using proper measurement protocols. 
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Subject: Year 5 Annual Report on ONR-N00014-93-0099 and ONR-00014-95-0891 

Dr. Brandt, 

Enclosed are some reprints and prepints that document our productivity during the 
last Grant Year. Our goals remain the same. Our research focus has not changed since our 
last annual report. In the interest of space in your files, I submit these publications as our 
annual report. You can expect a more expansive document later this autumn when I 
submit my renewal proposal to you. 

The individual publications included in this report are: 

A Comment of "Flux Quantization in Magnetic Nanowires Imaged by Electron 
Holography", M.R. Scheinfein, D. Streblechenko, M. Mankos, Phys. Rev. Lett. 77(5), 
976(1996). 

Quantitative Magnetometry Using Electron Holography: Field Profiles Near 
Magnetic Force Microscope Tips, D.G. Streblechenko, M. Mankos, M.R. Scheinfein, 
IEEE Trans. MAG 32(5), 4124 (1996). 

Growth of Nanometer-size Metallic Particles on CaF2(l 11), K.R. Heim, S.T. 
Coyle, G.G. Hembree, J.A. Venables, J. Appl. Phys. 80(2), 1161 (1996). 

Greatly Defocused Off-Axis STEM Electron Holography, J.M. Cowley, 
M.Mankos, M.R. Scheinfein, Ultramicrosc. 63, 133 (1996). 

Electron Holography and Lorentz Microscopy of Magnetic Materials, M.Mankos, 
M.R. Scheinfein, J.M. Cowley, Advances in Imaging and Electron Physics, P.W. Hawkes 
ed. vol. 98, 323-426 (1996) (**not included since it is a 104 page article). 



Growth, Morphology and Magnetic Properties of Ultrathin Epitaxial Co Films on 
Cu(100), S.T. Coyle, G.G. Hembree, M.R. Scheinfein, J. Vac. Sei. Technol. A15(3), (in 

press- 1997). 

Self-Organized Fe Nanowire Arrays Prepared by Shadow Deposition on 
NaCl(l 10) Templates, A. Sugawara, S.T. Coyle, G.G. Hembree, M.R. Scheinfein, Appl. 
Phys. Lett. 70(8), 1043(1997). 

Self Organized Mesoscopic Magnetic Structures, A. Sugawara, M.R. Scheinfein, 
J. Appl. Phys. (in press - 1997). 

Room Temperature Dipole Ferromagnetism in Linear, Self-Assembling 
Mesoscopic Fe Particle Arrays, A. Sugawara, M.R. Scheinfein, Phys. Rev.B. (in press- 

1997). 

Co on Stepped Cu(100) Surfaces: A Comparison of Experimental Data With 
Monte Carlo Growth Simulations, S.T. Coyle, M.R. Scheinfein, J.L. Blue, J. Vac. Sei. 
Technol. (submitted - 1997). 

Magnetic Nanostructures Produced By Electron Beam Patterning Of Direct Write 
Transition Metal Fluoride Resists, D. Streblechenko, M.R. Scheinfein, J. Vac. Sei. 
Technol. (submitted - 1997). 

Defect Induced Lowering Of Activation Energies At Step Bands in Co/Cu(100), 
S.T. Coyle, M.R. Scheinfein, J.L. Blue, Appl. Phys. Lett, (submitted - 1997). 

A Reliable Calibration Method For An Ion Current Controlled Electron Beam 
Transition Metal Deposition Source, E.T. Bullock, S.T. Coyle, G.G. Hembree, M.R. 
Scheinfein, Rev. Sei. Instrum. (submitted - 1997). 

In addition to these publications that are out or in press, we have submitted many 
abstracts to AVS and MMM which will result in publications by Jan 98. These abstracts 
are included and listed below. 

Self-Organized Mesoscopic Magnetic Structures, A. Sugawara, M.R. Scheinfein, 

MMM-98; 

Quantitative Micromagnetics Using Electron Holography (INVITED), M.R. 
Scheinfein, D.G. Streblechenko, MMM-98. 

Nanometer Resolution Quantitative Electron Holography (INVITED), M.R. 
Scheinfein, APS-97. 



Co on Stepped Cu(100) Surfaces: A Comparison of Experimental Data With 
Monte Carlo Growth and Micromagnetics Simulations, S.T. Coyle, J.L Blue, G.G. 
Hembree, M.R. Scheinfein, AVS-97. 

Room Temperature Dipole Ferromagnetism in Linear-Self-Assembling 
Mesoscopic Fe Particle Arrays , A.Sugawara, M.R. Scheinfein, AVS-97. 

Magnetic Nanostructures Produced by Electron Beam Patterning of Transition 
Metal Fluorides, D.G. Streblechenko, M.R. Scheinfein, AVS-97. 

Our construction of the UHV SEM/STM/REELS system is on schedule. The 
SEM and STM have been tested and work according to design. The MBE chamber 
(evaporators, heating stage etc) are complete. We have done the standard Au/Mica 
experiments to be sure that we know what it going on. We are slated for Co/Au by 
summers end, and then on to STM of insulators using the electron beam for stabilization. 
Modification of the specimen stage in MIDAS is complete. We have L-N2 capability. The 
new MIDAS stage purchased from Lesker came contaminated with Flobolin (sp?) and 
when baked contaminated our whole system. We spent a tough almost 5 months cleaning 
up the mess. This is all repaired and we are back on line. 

I hope that this brief input is enough. Take care. 

Sincerely, 

Mike Scheinfein 
Professor 
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Interface Magnetism and Film Growth : Co/Cu(100) 

A great deal of theoretical and experimental work has been done on the fee Co/Cu( 100) 
system, and the results have been quite varied. Curie temperature increases with film thickness, 
and coercivity increases steeply just after the ferromagnetic transition. Anisotropy is in-plane 
along <110). The onset of ferromagnetism at RT has been found to be between 1 and 2 monolayer 
(ML) coverage (1 ML = 1.53x 1015 atoms/cm2). Both layer-by-layer and bilayer growth have been 
reported. A Cu capping layer and perpendicular anisotropy after annealing have been reported, as 
well as coercivity dependant on capping layer thickness, peaking at about 1 ML. Co grown on 
vicinal Cu substrates has a uniaxial in-plane anisotropy along (110) step directions. Much of the 
variability of these results has been attributed to inconsistent film preparation conditions and 
contaminants. It is important, therefore, to understand how morphology and defects affect film 
growth and magnetic properties. We have studied how Co films grown under seemingly identical 
conditions on Cu(100) which resulted in very different film morphologies. Our goal is to find 
correlations between the evolution of film structure during growth and magnetic properties. 

From the beginning stages of film growth, many different structures were observed. 
Some films grew via island nucleation on terraces with little interaction with steps while other 
films grew with very little island formation and a high degree of step roughening. In the figure 
below, representative SE micrographs from three different fee Co/Cu(l00) films, grown at room 
temperature (RT) at a rate of 0.15 ML/min. These images will be used to illustrate different 
growth processes on a typical Cu(100) surface as shown in Fig. 1 (prior to Co deposition). The 
bright lines are bunched step bands which are pinned by copper oxide islands (brightest spot). 
The dark spot in the top right corner is a vacancy island (inclusion) typical of these substrates. ^ 
The density of the vacancy islands varied greatly between substrates (from <20/|im2 to 107|jm ) 
and to a lesser degree between different areas of any particular sample. The vacancy islands do 
not appear to serve as nucleation sites during film growth, however, they may serve as sources 
for Cu migration onto the surface during later stages of growth since they often persist through 
several monolayers of growth. 

In (a) and (b), sequential growths of 0.2 ML and 0.4 ML of Co are shown. Co islands are 
clearly visible on the terraces. A monatomic step is visible on the left side of (a), while a three- 
step step-band is visible on the right side of (a), running diagonally across the image. The two 
dark spots in (a) are vacancy islands in the substrate. By 0.4 ML coverage, (b), it can be seen that 
the Co islands are beginning to coalesce. By contrast, (c) shows a micrograph of a 0.3 ML film 
grown under identical conditions on a different substrate. There is very little island formation 
and a great deal of roughening of steps. There is also the formation of large meandering vacancy 
islands on the terraces. We will refer to this mode as step edge mediated growth. The top third of 
the micrograph shows a bunched step band. The roughened step edges align mostly along 
crystallographic axes (110). Islands have nucleated preferentially along the up side of step edges. 
This may be indicative of an Ehrlich-Schwoebel barrier. A 0.3 ML film on another substrate is 
shown in (d). This film exhibits both island growth and extensive reordering of step edges, i.e., is 
a combination of the island growth and step edge mediated growth modes. 

The formation of rectangular pits from small pinholes in Co/Cu(100) after annealing has 
been reported by Schmid. They concluded that Cu migrated from these pits to form a capping 
layer. Similar pinholes were reported by Giesen for room temperature growth of Co/Cu(l 1 17). 
They found that the size of these pinholes increased and the density decreased upon annealing. 
They also found a dramatic roughening of step edges at the beginning stages of film growth. 
Terraces on their vicinal surfaces are aligned along (110), and roughening took the form of steps 
oriented perpendicular to the original step direction. Giesen et a! calculated the change in surface 



energy for the formation of a pit. Initially the surface energy increases significantly with the size 
of the pit, then decreases beyond a critical size. Because of this they question why the pits form 
at all. They then calculated the elastic energy stored in the film due to misfit strain and the 
change in energy due to strain relief by formation of a pit. For thicker films they find 
significantly more elastic energy than surface energy stored in the pits. They concluded that the 
relief of misfit strain is the driving force behind the enlargement of pits upon annealing. 

We find similar pits in our films without annealing, and they appear to form differently. 
Early stages of such pits can be seen in (c) and (d). After continued Co growth these pits will 
appear similar to those described separately by Schmid and Giesen. We believe that surface 
energy may be a significant component in pit formation along steps, at least in the early stages of 
growth. The pits along step bands in our experiments seem to form from the reorientation of 
randomly oriented steps along mainly (110) directions rather than the spontaneous formation of 
rectangular pits. Step bands often follow curves between pinning sites, thus the step edges have a 
high density of kinks. When a Co adatom adheres to a step edge it is probably free to move along 
the step until it encounters another Co atom or adheres to a kink site. Once one or more Co atoms 
are trapped, the surface energy may be lowered if Cu atoms move to surround the Co atom. This 
produces a reordering of the step in the region surrounding the Co atoms. The new step faces will 
prefer to be <110), since this has the lowest surface energy (see below). If such sites are arranged 
randomly along a step one can imagine a step forming a jagged edge such as that indicated by the 
arrow and the jagged dark line inserted in (a). Pits on terraces where island growth occurs appear 
to form due to incomplete Co coverage, and their growth likely proceeds as described by Giesen. 
Pits on terraces where step edge mediated growth occurs seem to form due to the exchange 
process described above.  

SE micrographs of Co/Cu( 100) films grown at RT at -0.15 ML/min for the following coverages: (a) 0.1 
ML, (b) 0.4 ML, (c) 0.3 ML, (d) 0.3 ML. The arrow and black line in (a) highlight a roughened step 

edge. 



For higher coverages the island growth mode proceeds as simultaneous multilayer 
growth. By about 0.8 ML coverage, a second layer typically covers about 10% of the first layer. 
The first layer is almost completely filled in by about 2 ML coverage, except for the pits 
described earlier, which vary in size and density between different films. Three layers are easily 
distinguished for subsequent coverages, with the top layer oscillating between about 1% and 
about 50% coverage. An example is shown below in (a). In this 11.6 ML film, three layers are 
clearly seen. The top layer covers about 10% of the surface, the next layer about 50%, and the 
lower layer about 40%. The dark bands are believed to be misfit dislocations along (110). 

When the step edge mediated growth mode is dominant, higher coverages of films grow 
somewhat differently. The etching features in the steps begin to form rectangular shapes, then 
eventually become separate rectangular pits. As growth continues, these pits slowly fill in. An 
example of such a film is shown below in (b), which is the film shown above in 2(c) after another 
2 ML of Co has been deposited (2.3 ML total). Most of the pits in this film were probably 
formed at steps, some of which were in step bands and some of which were single height steps in 
the middle of terraces. The recorded intensity contrast in this micrograph can be separated into 
three levels: the brightest (top most) which occupies -50% of the surface area, the middle which 
occupies -40% of the surface area, and the pits which occupy -10%. Since the pits (bare 
substrate) occupy 10% of the surface area, two layers of coverage would require 1.8 ML of 
growth. Another 0.5 ML of growth would then cover -50% of the surface. This is consistent with 
2.3 ML total coverage. We have analyzed many such micrographs with similar results, indicating 
that growth occurs by incomplete single layers rather than bilayers. The average pit size for this 
micrograph is 9.8 ± 6.9 nm2, and the pit density is 7xloVum2. We cannot determine whether the 
topmost layer consists of Cu or Co. 

^^       I * Ml    I      Till   ^f-""-       -^       —» -MMMfc ;^^j_^—^M M^^^M ■  

(a)  An 11.6 ML Co/Cu( 100) film illustrating the island growth mode, (b) A 2.30 ML Co/Cu( 100) film 
illustrating the step-edge mediated growth mode. 

Co/Cu( 100) films grown in this study became ferromagnetic at RT at about 1.7 ML, 
regardless of the growth mode. For films exhibiting nearly pure island growth, this corresponded 
to complete coverage of the first layer. Zero field suseptibility in the paramagnetic regime and 
remanence in the ferromagnetic regime generally increase with coverage. In many of our films 
we detected a second magnetic phase with out-of-plane remanence and a coercivity 5-10 times 
larger than the in-plane value. There appears to be a correlation between out-of-plane remanence 
and terrace width. We did not detect out-of-plane remanence in any films with >100 nm terrace 
width, and out-of-plane remanence appeared to be more likely to occur for very narrow terraces 
(<50 nm). 

We consider four possible causes for the out-of-plane remanence. One possibility is that 
(111) surfaces are created by (110) steps bunched completely together. This could happen in the 
walls of the pits, or along step bands. (111) surface atoms have bi-axial in-plane anisotropy 



oriented along (110) directions, thus their easy axis could be aligned at 45° from the sample 
normal. For the sample in Fig. 4(b), -5% of the area could be composed of such surfaces. A 
second possible cause is due to the growth process described earlier. If a large number of Co 
atoms are surrounded by Cu atoms at steps, then an alloy could be formed. Evidence for 
perpendicular remanence has been reported for Co-Cu alloys, however, the authors did not report 
a larger polar coercivity. The third possibility is that of a Cu capping layer, which also has been 
shown to produce perpendicular remanence. Different coercivities could be the result of changes 
in Cu overlayer thickness. Other groups report Cu overlayers forming upon annealing, concurrent 
with the formation and growth of pits, through which they believe the Cu is migrating. Since pits 
form in our surfaces during growth at RT, it is possible that Cu is also migrating to the surface 
through these pits. 

The fourth possibility is due to the uniaxial anisotropy of atoms along the bottom of a 
(110) step (denoted "step corner" by Chuang et al). The easy axis is canted 45° from the sample 
normal and aligned along the step direction. The magnetization of these atoms may couple to 
neighboring atoms, creating an out-of-plane component in the affected atoms. We have 
performed 1-D micromagnetic calculations which indicate that this may be a significant effect for 
regions magnetized parallel to the step direction. Continued work in this area is in progress and 
will be published at a later date. 

Work is ongoing on both the Co/Cu( 100) and Co/CaF2( 111) projects with more 
experiments and publications in progress. 

UHV SEM-STM 

The primary goal is to design, build and ultimately utilize a system which will allow the 
operation of both a scanning tunneling microscope (STM) and a scanning electron microscope 
(SEM) for the purpose of thin film characterization. The constraints are; (1) The system must be 
UHV; (2) The STM and SEM must be able to run concurrently; (3) Sample preparation must be 
performed in situ and should include, annealing (up to 700 °C), sputtering, and deposition; (4) 
multiple samples must be stored in UHV without the necessity of venting the chamber. The 
system is subdivided into three separate chambers connected by UHV gate valves. The roles of 
the three chambers are as follows; analysis, preparation, storage/exchange. 

The analysis chamber contains the STM, SEM, and all electron detection devices and is 
pumped by a 120 1/s ion pump. The current electron detection devices consist of a four quadrant 
channel plate analyzer and a Everhart-Thornley detector. Eventually a spin polarized detector 
will be added. The STM, SEM and sample stage have been positioned on a steel plate which can 
be suspended by springs during analysis for vibration isolation. The plate can be locked into a 
rigid position during sample exchange. The STM approaches the sample perpendicularly by 
necessity whereas the SEM projects the electron beam at an angle of -37.5° with respect to the 
sample plane (shown below). This allows for the simultaneous operation of the SEM and the 

STM. 
The preparation chamber is positioned linearly between the analysis chamber and the 

storage chamber. The chamber consists of a 6" six way cross and is pumped by a 60 1/s ion 
pump. The prep chamber can be isolated from the analysis chamber via a 6" gate valve giving the 
ability to perform analysis and preparation concurrently. Two of the prep chamber flanges are 
used to connect to the other chambers and one is used for the ion pump. This leaves three flanges 
each of which can support three devices. Of these, one will support and ion gauge, one will be 
used as a view port and one will be used for electrical connections. This leaves access for six 
preparation sources. 



The storage/exchange chamber is designed to store up to six samples. A 36" rotatable 
feed through is used to retrieve the samples and introduce them into the prep chamber and 
ultimately the analysis chamber. The storage chamber can be isolated form the other two 
chambers via a gate _ 

A top view of the UHV SEM (top within magnetic shielding) and the STM (front). The amplifiers arc in- 
situ and the SEM/STM/Stagc assembly floats on an internal spring system with electromagnetic dampers. 

valve. This allows samples to be removed from and introduced to the system with out the 
necessity of breaking vacuum in the preparation and analysis chambers. In addition, the storage 
chamber is of modest dimensions allowing it to be brought down to near UHV conditions within 
a few hours using a turbo/rough pump combination. Thus, the turn over time for sample 
exchange will be quite fast. 

The samples will be placed in cartridges which have been designed to accommodate the 
geometry of the three chambers. Each cartridge contains a small button heater allowing the 
samples to be heated at any point in the system provided the proper electrical connections are 
made available. The button heaters have an ultimate temperature of ~ 1200°C. Presently, it is 
possible to heat the samples in the preparation chamber. The cartridges have been constructed 
entirely of tantalum, molybdenum and alumina so as to withstand large variations in temperature 
without degradation. 

Initial testing of the apparatus has been completed. SEM images have been acquired 
from GaAs and Pt on Si surfaces with 1 - 2 keV beams without an operating stigmator. The STM 
and the STM controller have been found to be in proper working order. Repeatable images have 
been taken from both substrates. Atomic resolution imaging, which has not yet been attempted in 
STM, must wait for the prepartion of clean surfaces. The SEM astigmatic focus requires an 8- 
pole octopole stigmator which was recently installed. While the STM has been used to image 
semiconductor surfaces, the SEM has monitored the region of the surface probed with STM. 

Final testing will occur in November once the specimen preparation facilities have been 
completed and bonafide clean surfaces can be prepared. Implementation of the SEMPA detector 
shall occur in year 2 of the continuation period. 



Electron Holography 
The attractiveness of electron holographic methods stems from the absolute measurement 

of phase shifts of the electron beam. The combination of high spatial resolution inherent in 
scanning electron microscopes and these absolute phase measurements extracted from electron 
holograms allows magnetometry to be performed on nanometer sized regions with high 
precision. Here, the far-out-of-focus implementation of electron holography in a scanning 
transmission electron microscope (STEM) is applied to the analysis of the fields emanating from 
sputter-deposited magnetic force microscope (MFM) tips. The challenge is an analysis of three- 
dimensional fields emanating from MFM tips. Since all transmission-based analysis techniques 
integrate along the direction of the beam path, any variations of the fields along this direction are 
averaged. Instead of using a rigorous three-dimensional tomographic method, the expected 
symmetries in the tip magnetization and resulting field profiles are exploited. In this case, the 
only assumption used is that fields emanating from the tips can be expanded in a multipole 
expansion. The expansion coefficients for the multipole moments are extracted from fits to the 
phase images of the reconstructed electron holograms. 

Since MFM tips may strongly interact with soft ferromagnetic materials and perturb the 
magnetization distribution of the sample, it is important to characterize the field emanating from 
such structures. The MFM tip magnetic field is three dimensional. The holographic image is two 
dimensional since the phase has been integrated along the beam path. There is an inherent 
ambiguity in recovering the true three-dimensional magnetic field unless some a priori 
knowledge is used. One way of removing this ambiguity is to assume that the magnetic field 
from the tip is cylindrically symmetric, and therefore reduce the number of dimensions of the 
magnetic field to two, and represent expressions for the phase shift in the detector plane using 
this assumption. This approach would require application of the Fourier-Bessel transform on a 
non-rectangular region. Moreover, due to the limited beam current .that can be focused into a 
nanometer diameter probe in STEM, counting statistics may limit the statistical validity of the 
recovered magnetic field. Rather than employing the Fourier-Bessel transform, we chose to 
approximate the magnetic field with a multipole expansion. Since there are no currents present, 
the field from the MFM tips can be derived from the negative gradient of a magnetic scalar 
potential whose sources are the (effective) magnetic charges which result from the divergence of 
the magnetization in bulk, and the discontinuity of the normal component of the magnetization at 
the surface. The mulipole expansion for the magnetic scalar potential ^(x^z) includes 
monopole, dipole and quadrupole (tensor) terms, expanded about the center of the tip, but 
without any a priori assumption about the size and orientation of the tip dipole (quadupole) 

moment. 

4'(x,y,z) = 5- + -Epkrk+^rZ ZQkirkri r    r  kH zr  kH   M 

Here, r = (x2+y2+z2)"2 is the distance to the origin, n are cartesian components of r (r,=x, r2=y 
and rj=z), q is the monopole charge, pk are cartesian components of the dipole moment and Qk, is 
a symmetric traceless quadrupole tensor. The magnetic field can be expressed as B = -VT. We 
want to express the phase shift given by (2) using the multipole expansion in (3). Consider the 
experimental geometry of the tip and the resulting electron interference fringes shown below. 
Here, ß is the angle between the projection of the line connecting the electron sources (and 
perpendicular to the interference fringes) and the X-axis and a is the angle between the MFM 
tip-axis and X-axis. The coordinate system of the phase image can be translated to the MFM tip 
center. The phase shift, becomes: 

A<Kx, y) = cos(ß) j J j Bydxdz - sin(ß)-U B,dydz. 
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Experimental configuration of the MFM tip and interference fringes. Line A-B connects the electron 
sources. 

After integration, the expression for A§ is 

Mx.y) = -j[q ■Fj + P,-FJ + Pr-F, + (Q„ - 0„) ■ FA + Q„ ■ F<]. 
Pi 

where the constant are multipole field coefficients and the functions are analytic integrals over 
the magnetic flux contained within the area defined by the probes. 

The reconstruction process for electron holograms includes several steps. These are: 
Fourier transformation of the electron hologram; isolation and centering of a single sideband; 
defocus correction to remove Fresnel fringes around objects of interest; inverse Fourier 
transformation; extraction of the phase image from the resulting complex electron wavefunction; 
and phase unwrapping to remove unwanted periodicities of 2 71 that result from principle values 
of the trigonometric functions. These two-dimensional phase images are the starting point for 
recovering the magnetic fields emanating from the MFM tips. The image resolution is limited to 
twice the fringe spacing referred to the specimen plane. We use the expression above to fit the 
experimental reconstructed phase image for the multipole-field coefficients q, Px, Py, Qxy and Qyy- 
Q„ using a linear least-squares method. The absolute-phase resolution is limited to about JI/30. 

In the figure below, an electron hologram has been reconstructed from a sputter-coated MFM 
canilever tip. The nominal radius of the tip is 30 nm. The tip was initially magnetized along the 
axis. The full scale width of the images is 760 nm x 700 nm . Shown are an experimental 
amplitude image (a), an experimental phase image (b), an experimental phase image with the 
multipole expansion fit overlayed in the region in proximity to the tip (c ), and a magnitude of the 
magnetic field in proximity to the tip (d). The phase images have been amplified (x4) such that 
phase contours span n/2. 

The phase fits of the multipole expansion fields were produced from fits to the 
multipole expansions, and the clear agreement of the fit is evident in the overlays superimposed 
over the phase data. The reconstructed magnetic fields use only the monopole and dipole terms 
since the contribution from quadrupole terms were negligible on the distances comparable to the 
MFM tip radius. The field for the MFM tip shown in the figure falls from about 620 Oe at (near) 
the tip surface to 310 Oe 10 nm in front of the tip along the tip axis. The linear terms in the 
background that are left after a proper centering of the sideband (in Fourier space) result from 
flux originating from the magnetic material sputtered onto the large conical base supporting the 
tip. In our implementation, where the sources are separated by about 2 microns at the sample, the 
upper limit on the residual stray field from the tip base is estimated to be approximately 10 Oe. 

The magnetic dipole moment in the plane of the holographic phase image is oriented at 0 
= 135". The tips axis is along 0 = 120°. Thus, the dipole is oriented nearly along the tip (15° off 



760 nm x 700 nm full scale on all images. 

(a) Reconstructed amplitude ■ (b). Amplified (x4) reconstructed phase. 

(c) Phase with the fit superimposed. (d) Reconstructed magnetic field . 

axis  This is consistent with the fact that during the magnetization process the tip axis is oriented 
about 12° away from the magnetic field axis. During magnetization, the physical tip axis is no 
longer aligned with the magnetic-field axis. Therefore, the measured dipole moment axis is 
actually quite close to that axis defined during the magnetization process. 
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Self-Organization of Magnetic Nanowires : Fe/SiO/NaCl(110) 

It has been of interest to control the shape, size and spatial arrangement of small 
magnetic particles from a viewpoint of high-density magnetic recording. Some interesting 
magnetic properties have been reported for dot and wire arrays fabricated by electron-beam 
lithography. However, the throughput of the method is so slow that it is quite difficult to obtain 
uniform microstructure over the large areas (cm) required for magnetic storage media. From this 
point of view, self-organization phenomena which has been applied to the nano-fabrication of 
semiconductors, may provide a mechanism for the fabrication of magnetic microstructures. A 
self-aligned 2-D array of dots, a few monolayers thick, has been grown through the preferential 
nucleation of magnetic particles on the surface at defects such as step edges and kinks. However, 
this kind of microstructure disappears with increasing film thickness due to coalescence. Further, 
signal outputs (SMOKE or some equivalent magnetization detection system) are limited by the 
small total magnetic volume isolated at the surface defects. We are interested in a thicker regime 
(1-10 nm) where we can obtain a higher output signal. 

We have grown Fe nanowire arrays by shadow deposition on a graded template. Self- 
patterning of non-cleavage planes of ionic crystals that have highly anisotropic surface energy is 
important in this study. For example, when the NaCl (110) surface is heated in vacuum, the 
surface becomes faceted with (100) and (010) planes thereby minimizing the total surface 
energy. In this case, periodic macrosteps appear parallel to [001]. The macrostep periodicity can 
be varied from 5 to 100 nm, depending on the annealing temperature and annealing time. When 
Fe is deposited on such a graded template at a grazing angle (nominally about 65 degrees from 
the template normal), nanowires are formed only near the top of the edge, as schematically 
shown below. 

SiO deposition 

shadow 
zone 

Fe deposition 

[110] 

Fe wires 

a-SiO 
NaCI(110) 
substrate 

[110] 
Schematic drawing of shadow growth of nanowire arrays on a graded template formed by the annealing of 

NaCl(llO). 
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A bright field TEM image of one of the nanowire wire arrays is shown below. The Fe 
wires, seen in dark contrast, run along the macrosteps of the substrate. The typical width of the 
wires is about 20nm. Since these wires are thin slabs lying on slope tilted by 45 degrees from the 
normal, the actual width is around 30nm. The average length of the wires is about lOum, so an 
aspect ratio larger than 3x 102 is achieved. 

•r <ff.# f* 

&///f&f¥J?£?A 

y **<f'A/J 300nm 
Fc nanowire array fabricated by shadow deposition on a graded template. 

The film shown above (characterstic of the many examined in this study) had strong in- 
plane magnetic anisotropy, as expected from the observed microstructure. When the field is 
applied along the macrosteps, a longitudinal loop shows easy-axis behavior with high coercivity 
about 2 kOe (below). This large coercive field suggests that the magnetization process is either 
not dominated by domain wall motion, or that the domain walls are strongly pinned by defects 
within the nanowires. When the field is applied perpendicular to the steps, the loops shows hard- 
axis behavior. The magnetization did not saturate for external fields of 3 kOe due to large 
demagnetization field along the short axis of the wire array. We should note that the real hard- 
axis is considered to be perpendicular to the thin Fe slabs, i.e., out of the film plane by 45 
degrees. However, we could not measure this magnetization component by MOKE, because there 
was no strong reflection in that direction, indicating that the wires themselves are not planar, but 
rather cylindrical. This agrees with results of contrast analysis of Fig. 2b. The longitudinal loops 
measured with the applied field oriented between the easy- and hard-axes gives information on 
the magnetization rotation process. The two loops shown below are for the magnetization along 
(left) and perpendicular (right) to the steps for the field angle with the wire direction as specified. 
The large open- circle loop for perpendicular magnetization when 0=80° is characteristic of 
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coherent rotation. The collapsed loop for 9=90° results from the limited applied field strength. 
Even though we cannot ascertain that the switching proceeds through coherent rotation, it is clear 
that the whole wire array switches simultaneously. This result is interesting in that the 
magetization switching process seems to be present across the film array even though individual 
lines are not coupled. Either each wire has nearly the same coercivity, and hence each wire 
individually switches coherently in unison with all others, or all the wires are magnetostatically 
linked, and hence switch as a single film. The presence of domain walls across the wire array is 
possible, the mechanism being magnetostatic, and of similar in strength to that required to 
coherently couple the wire array during switching. 
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Hysteresis loops measured by MOKE rotating the specimen in the film plane. 6 denotes angle between the 
macrostcp direction and the scattering plane with the field applied in-plane. 

Ongoing studies include controlling the periodicity and aspect ratio of the wires, and 
examining ordering in 2-dimensional arrays. 
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0.0       Continuation Proposal Summary 

Quantitative measurements of the microstructural, microchemical and micromagnetic properties 
of surfaces and interfaces of ultrathin films composed of magnetic materials deposited on non-magnetic, 
and insulating substrates will be continued. Our surface microanalytic methods are based on a unique 
ultrahigh-vacuum scanning transmission electron microscope/scanning electron microscope (UHV- 
STEM/SEM) equipped with in-situ thin film preparation and characterization tools. This instrument was 
successfully used during the previous funding period for: the study of anisotropy in Fe/Cu(100); 
characterization of magnetic, nucleation and growth properties of Fe/CaF2/Si(l 11); and characterization 
of Co/Cu superlattices with imperfect interfaces. The new funding period will see the commissioning of 
a new combined scanning tunneling microscope/scanning electron microscope (STM-SEM) with 
reflection electron energy loss spectroscopy. This instrument will be used to access atomic level physical 
structure. As in the prior grant period, magnetic characterization will be made in-situ using the surface 
magneto-optical Kerr effect (SMOKE). In the second year of this grant period, an electron-spin 
polarimeter will be interfaced to the UHV STM-SEM for analysis of surface magnetic microstructurc 
using polarized electrons. Additional ex-situ measurements of interface properties will continue to be 
made with high resolution transmission electron microscopy (HREM) and low angle x-ray scattering 
Ex-situ calibrated static magnetization measurements will be made with SQUID magnetometry and far 
out of focus STEM electron holography. Magnetoconductance measurements of heterogeneous two- 
dimensional giant magnetoresistance samples will be conducted ex situ. Dynamic magnetic properties 
will be investigated with SQUID magnetometry. 

Systems for study include Ag/Fe, Ag/Co, Co/Cu, Fe/CaF2, Co/CaF2, Co/CaF2/Si( 111), and 
Fe/CaF2/Si(l 11). Alternative insulating substrates including MgO, NaCl and other inorganic halides will 
also be considered. Our measurements will clarify the relationship between the observed real-space 
microstructure of interfaces, ultrathin magnetic films and superlattices with magnetic properties, such as 
surface anisotropy, ferromagnetic/antiferromagnetic coupling between ferromagnetic layers in 
superlattices, the transition from the superferromagnetic to the ferromagnetic state, and the role of 
proximity in the couplins of ultrasmall islands spaced by less than a nanometer. The dependence of 
magnetic properties on film morphology, which may be controlled by varying deposition parameters 
during the initial stages of growth, and on structural properties such as strain, interface roughness, and 
the formation of misfit dislocations will be emphasized. Utilization of electron beam modification of 
CaF2 (substrate) and other inorganic halide electron-beam resists, and selective nucleation and growth 
will continue to be studied as a means of defining nanometer sized epitaxial magnetic devices. 



1.0       Summary of Results From the First Grant Period 

The first grant period extended from 1 January 1993 to 31 December 1995. By all measures, we 
accomplished all of the goals set out in the first proposal. A summary of selected highlights of the first 

grant period is given below. 

U        Magnetic Anisotropv. Thin-Film Growth and Metastahle States in Epitaxial Fe/Cu(100) 
(Refer to Publications Listed in Section 1.7 : References 1-7) 

Ferromagnetic ultrathin epitaxial films grown on single crystal metal substrates display unusual ( 

properties characteristic of two-dimensional ferromagnetism stabilized by magnetic (surface) anisotropy . 
The exchange coupling and crystalline anisotropy depend very sensitively on the lattice. Ultrathin films, 
grown epitaxially on templates which distort the bulk lattice are often highly strained enabling metastable 
film properties to be explored at room temperature. The most studied, and perhaps the most complex 
metal/metal epitaxial system is fee Fe/Cu(100). The fee phase of Fe, stable in bulk above 911° C , can be 
grown epitaxially on Cu(100) with 0.83% lattice mismatch. For fee (fct) Fe, a non-magnetic, high and 
low spin, or an antiferromagnetic phase can be stable depending upon the lattice constant". The magnetic 
properties of fee Fe/Cu(100) have been investigated using the surface magneto-optical Kerr effect 
(SMOKE)45, spin-polarized photoemission'', spin-polarized secondary electron spectroscopy ■, 
conversion-Mössbauer spectroscopy9, inverse photoemission10 and spin-polarized scanning electron 
microscopy (SEMPA)". The energy balance between surface anisotropy and shape anisotropy, both 
strong functions of film thickness, growth and measurement temperature 4IM\ determine the easy axis of 
magnetization. Interest in this system is stimulated by rich structural properties present during various 
phases of film growth12"18, including bilayer growth during initial phases of epitaxy " , strain-relief at 
intermediate thicknesses, weak surface reconstructions'2, and fee to bec transitions \ Extensive work has 
been devoted to correlating film microstructure with magnetic properties'21319 with emphasis on the non- 
magnetic-to-magnetic transition at 1-2 ML (ML denotes a monolayer, 0.18 nm for fee Fe(100)) coverages 
and the polar-to-longitudinal transition in the easy axis of magnetization at 4-8 ML. 

In the previous grant period, we identified for the first time, a field induced, reversible, 
metastable transition for magnetization measured perpendicular to the film plane (polar direction). 
Room-temperature grown, fee Fe/Cu( 100) films in the 2.5-3.5 ML regime possess both in-plane and 
perpendicular remanence. After application of a 9.0 kOe polar field, the out-of-plane response was 
dramatically reduced, and polar remanence was lost. This magnetic state was stable until the film was 
either heated or subjected to a large in-plane magnetic field. We interpret ted these results in terms of 
magneto-elastic distortions in the strain stabilized fee Fe lattice induced by large applied magnetic fields. 
Induced film distortions can lead to anisotropic behavior within, and out-of the film plane. Calculated 
changes in magnetic (ordering) properties as a result of small lattice distortions were predicted for stable 
non-magnetic and magnetic phases of fee Fe . 
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L2       Giant Magnetoresistance Effects in Imperfect Superlattices: 90" Coupling in Co/Cu Multilayers 
(Refer lo Publications Listed in Section 1.7 : References 4,11.12.13,16,17,19,20 and Conference Proceedings 4,6,7,9,10 ) 

The strength and sign of the interlayer coupling coefficient in superlattices composed of 
ferromagnetic transition metals and non-magnetic spacer layers has been correlated with magneto-      ^ 
transport measurements for a wide class of systems'. Experiments have been focused on the bec Fe/Cr 
and the fee Co/Cu systems3"5 in an effort to confirm quantitative predictions on the orientation 
dependence of the interlayer coupling6. Models based on an RKKY-like treatment which couple 
spanning vectors normal to the superlattice layers that join extremal points of the bulk Fermi surface 
have successfully predicted the oscillation periods of interlayer coupling. Magnetotransport models 
which rely on antiferromagnetic alignment of adjacent ferromagnetic layers have been used to interpret 
experimental data7. Interlayer coupling can be complicated by surface and interface roughness, primarily 
due to conditions during growth89. In addition to antiferromagnetic (or 180 degree) interlayer coupling, 
90 degree interlayer coupling has been observed in epitaxial systems with wedge-shaped interlayers, 
including Fe/Cr/Fe(100) and Fe/Au/Fe(100)10"12. Theoretical treatments attribute intrinsic 90 degree, or 
biquadratic coupling (which is to be contrasted to 90 degree domain orientation) between lasers to 
spatial nanoscopic variations in the interlayer coupling arising from thickness variations " . Intrinsic 
bilinear (180 degree) coupling in general coexists with the higher order biquadratic (90 degree) 
coupling15.    Evidence for 90 degree domains in the coupling in Co/Cu(001) superlattices has been 
recently observed in the non-symmetric spin states from Kerr hysteresis loops at the second 
antiferromagnetic maximum16 due to the competing effects of anisotropy and exchange coupling. 
Elemental specific magnetic hysteresis loops extracted from magnetic circular dichroism experiments 
from Fe/Cu/Co trilayers indicates the presence of significant misalignment between the orientation of the 
magnetization in adjacent ferromagnetic layers17. We have demonstrated the strong correlation between 
giant magnetoresistance and 90 degree domain formation between adjacent layers in electron beam 
evaporated Co/Cu superlattices as a function of the Cu interlayer spacing when the interfaces are 
imperfect. 1R 

Magnetic measurements were made with the combined three-axis Magneto-Optical Kerr Effect 
(MOKE) on 6mm diameter circular samples. Longitudinal Kerr effect hysteresis loops were obtained by 
orienting the superlattice's in-plane easy axis along the applied magnetic field direction in the scattering 
plane. The longitudinal in-plane magnetization is Mx. In order to obtain the transverse in-plane 
component of the magnetization, My, both the sample and the magnetic field were rotated until both the 
easy-axis and the applied field direction were perpendicular to the scattering plane. In this orientation, 
when the field was applied along the in-plane easy-axis, the detector records magnetization in the 
scattering plane, My

19. Without modifying the position of any optical elements, calibrated Mx and My 

components of the magnetization could be recorded during the switching process. The components can 
be added together in quadrature as a measure of the total magnetization, Ms. When the normalized total 
magnetization differed from one, there were regions where the magnetization was misaligned. This 
misalignment could have been due to domain formation within a given layer(s) of the superlattice, or to 



small regions of anti-alignment between adjacent layers. As the light is attenuated during ^traversal of 
the superlattice, the topmost layers will contribute more strongly to the detected Kerr signal" . In order 
to assess effects due to cumulative roughness in layered structures, Kerr effect hysteresis loops were 
measured from both sides of samples grown on glass substrates. No obvious difference was observed in 
hysteresis loops measured from the top or the bottom of the superlattice stack. The variation in the 
absolute value of the Kerr signal as samples are changed and the magnet and sample are rotated is less 

The correlation between 90 degree coupling and MR in superlattices with rough interfaces is 
illustrated in Fig. 1.2.1 below. Here, two in-plane components of the magnetization extracted from 
longitudinal and 'transverse21 Kerr hysteresis loops, the total magnetization Ms, and the 
magnetoresistance are shown for characteristic superlattices of thickness ttu. The longitudinal Kerr 
hysteresis loops detect the component of the in-plane magnetization along the easy axis, Mx, while the 
transverse Kerr hysteresis loops measure the component My, perpendicular to Mx   . For films which 
show substantial giant magnetoresistance (the peaks of the GMR vs. interlayer thickness curves are 
shown in Fig. 1.2.2), during the switching process, the magnetization reorients itself along a direction 90 
degrees from the easy axis and the field direction. This is clear evidence that there is 90 degree domain 
formation in the superlattice which appears as 90 degree coupling. The MR can also be fit with the 
transverse magnetization curve, leaving a small residual (1%). 

M„ DR/R 

H/Hc 

Fin 1 2 1 • Components of the magnetization along the easy axis, M„ and along the hard axis, M,. are recorded during the 
switchfna proceTforfew"applied along the easy axis. The normalized in-plane magnetization, M„ results from adding the two .n- 
pTa£S5SS tooS KuadoituÄ. The MR data are shown in the far righ, hand column. The Cu ^eHayer^s ,s (a)- 
5    7nm (e)-(h) 0.1 ran. (i)-(l) 1.0 nm , and (m)-(p) 2.0 nm. Ht is 35 Oe, such that the maximum range on all plots it 350 Oe. 
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Fig. 1.2.2 : MR at room temperature (squares) andt at 77 K (triangles) are plotted as a function of the Cu interlayer thickness. The 
maximum normalized magnetization (circles) oriented at 90" with respect to the field direction is also shown. 
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j_3       Selective Nucleation and Growth on Nanopatterned CaFVSi(l 11) Substrates 
(Refer to Publications Listed in Section 1.7 : References 8,21) 

Recent progress in the experimental study of the growth and characterization of metals on 
insulators has been motivated by expectations that these materials will improve upon our currcrü solid 
state device technology. Components such as quantum-interference high-speed electron devices , triple- 
barrier resonant tunneling diodes2, hot electron transistors3, and metal-epitaxial insulator-semiconductor 
field-effect transistors4 have been fabricated or proposed using metals, insulators, and semiconductors. 
Presently, the majority of solid state devices are fabricated using Si as the semiconducting material due to 
the existence of its native oxide, Si02. The lack of an atomically smooth Si02-Si interface does, 
however, impede the production of three dimensional Si-based devices. Rough interfaces not only 
decrease'the mobility of carriers in devices, but can also destroy the three dimensional epitaxial ordering 
of subsequent depositions. CaF2 has been considered as a suitable replacement for Si02 since it can be 
grown epitaxially and atomically smooth onSi(lIl) substrates5. A small lattice mismatch (0.6% at 298 
K) between CaF2 and Si, a relatively large band gap (12.1 eV) for electronic isolation, and a larger 
dielectric constant (6.8) than Si02 (3.9) for an increased electric field at the insulator-semiconductor 
device interface are but a few of the many reasons for considering CaF2 as an obvious replacement for 
the native Si02 

5. In addition, CaF2 layers may be used as a buffer region such that devices utilizing 
highly reactive metals such as Fe are not able to form compounds with the Si substrate. The patterned 
deposition of Fe on CaF2/Si(l 11) would enable the fabrication of fully integrated electronic and magnetic 
devices on a single substrate. Magnetic sensors, high speed microwave wave guides, and non-volatile 
memories6 are just three of the many applications which may result from constructing solid state devices 

using Fe, CaF2, and Si. 
The effects on film morphology due to electron-beam exposure of CaF2 before and after Fe 

deposition were explored. Unrelaxed 10 nm thick CaF2 films were selectively irradiated with 8.2-140 
pA 100 keV electrons. The intent was to preferentially grow nanoscale structures by changing the 
surface energy of the substrate through the conversion of CaF2 into a metallic, higher surface energy, Ca- 
rich surface . As a result, the growth mode of the Fe would be modified in the irradiated regions. 

Fig. 1.3.1a displays the decreased secondary electron yield for eleven regions which were 
methodically dosed with 100 keV, 140 pA electrons. From left to right, the charge per unit area 
impinged upon the sample was; 1.44, 5.78, 2.89,4.81, 7.22, 14.4, 14.4, 28.9, 57.8, 144, and 217 C/cm . 
The two right-most irradiated regions best reveal the proximity effects of electronic charge dissipation. 
Proximity effects adjacent to exposed regions obfuscate the comparison between unexposed and exposed 
film morphology. As depicted in Fig. 1.3.1b, a 0 = 21.4 ML deposition of Fe greatly diminishes image 
contrast. Although Figs. 1.3.1a and 1.3.1b were acquired at the same location, surface imperfections 
which were visible on the clean CaF2 surface became imperceptible after the Fe was deposited. The Fe 
did not, however, mask the presence of the pre-growth irradiated areas. Fig. 1.3.1c illustrates the results 
of a pre-growth electron dose of 5.78 C/cm2 on the Fe film morphology. The surface structure shown in 
the lower portion of the image (below the dashed line), which was not exposed to irradiation, appears 
more distinct and separated than the upper region. 

As a second example, a 0 = 7.1 ML film of Fe grown on a room temperature CaF2/Si( 111) 
substrate, which had been patterned with an electron-beam, produced a uniform distribution of Fe islands 
over most of the CaF2 surface. This film also displayed an expected change in morphology for those 
regions which had been irradiated with more than 1.14 C/cm2 before the Fe deposition. Fig. 1.3.2a 
portrays the effects of pre-growth and post-growth electron irradiation effects on the Fe film's 
morphology. The lower left portion of Fig. 1.3.2a (enclosed by the dotted white line) is a region which 
had been subjected to 4.56 C/cm2 before the Fe growth. The Fe on the pre-growth exposed region is 
much more continuous than on the region which was not exposed. The contrast observed for this region 
may be due to island formation atop a continuous ultra thin film of Fe. If, for example, the pre-growth 



exposed region consisted of islands on a finer scale it would be expected that the film would suffer 
similarly to the effects of post-growth electron irradiation, as is evident near the center of Fig. 1.3.2a. 
The area within the dashed white line of Fig. 1.3.2a was subjected to 355 C/cm2 of electron irradiation 
following the Fe deposition. By comparing the intersection of the two highlighted regions (A) with that 
of the remaining area within the dashed white line (B), qualitative arguments of Fe island position 
stability can be set. The pre-growth irradiated area (A) is more stable to post-growth electron irradiation. 
In fact, very little morphological change is observed for the pre-growth irradiated area except near the 
border of the dosed/undosed region. The occurrence of more damage near the edges is simply due to an 
insufficiently distinct separation of the two regions during exposure. Electronic charge dissipation and 
mechanical instabilities (over the coarse of several tens of minutes) allowed slightly more area to be 
affected by the electron beam than intended. Fig. 1.3.2b is a lower magnification SE image obtained 
immediately after Fig. 1.3.2a. Two complete regions of pre-growth irradiation are visible along with part 
of a third area. Since insulators generally have higher secondary electron yields than metals, the regions 
of pre-growth irradiation which are now more metallic (due to the Fluorine desorption) appear darker 
than the surrounding areas. The brighter region in the center of Fig. 1.3.2b is due to post-growth electron 
irradiation and was formed when the image shown in Fig. 1.3.2a was obtained. This bright contrast, 
though not always observed, probably results from a redistribution of CaF2 under specific post-growth 

electron exposures. Only for greater coverages, such as a 0 = 21.4 ML film, does post-growth electron- 
beam-induced damage remain negligible. For instance, both the pre-growth exposed region and the 
unexposed region of the 0 = 21.4 ML Fe film shown in Fig. lc were able to withstand 343 C/cm2 of post- 
growth electron irradiation with no obvious morphological change, unlike what was observed for the 0 = 
7.1 ML (355 C/cm2) regime shown in Fig. 1.3.2a. 

'T. Sakaguchi, M. Watanabe, and M. Asada, IEICE Trans. E 74,3326 (1991). 
!M. Watanabe, T. Suemasu, S. Muratake, and M. Asada, Appl. Phys. Lett. 62,300 (1993). 
3S. Muratake, M. Watanabe, T. Suemasu, and M. Asada, Electronics Letters 28,1002 (1992). T. Suemasu, M. Watanabe, M. 
Asada, and N. Suzuki, Electronics Letters 28,1432 (1992). 
T. P. Smith, J. M. Phillips, W. M. Augustyniak, and P. J. Stiles, Appl. Phys. Lett. 45, 907 (1984). 
SL J. Schowalter and R. W. Fathauer, CRC Critical Reviews in Solid State and Materials Sciences 15,367 (1989). 



<*>■■*,. 
1800nm 

PHP! 

Fig 1.3.1: Pre-growlh electron-beam irradiated regions were observed at lower magnification (a) before and (b) after (-) - 21.4 ML 
of Fe had been deposited. These equivalent regions of the same crystal display large differences in secondary electron contrast. 
Surface imperfections located at the lower left of (a) were no longer visible after the Fe deposition (b). In contrast, electron-beam 
exposed regions remain apparent before and after the Fe deposition. The two right-most irradiated regions in (a) best reveal the 
proximity effects of electronic charge dissipation. A pre-growth electron dose of 5.78 C/cmJ changes the Fe film's morphology, as 
depicted in (c)  The much more distinct and separated region of (c) below the dashed, white line was not exposed to irradiation 
prior to the Fe growth, as had the upper region. The top-most area of (c) is slightly more continuous and less distinct because of 
the morphological changes that resulted from the 100 keV, 140 pA pre-growth electron irradiation. 

Fig 1 3 2: Secondary electron images depict the pre-growth and post-growth electron-beam induced effects on Fe film morphology. 
A CaF2/Si(111) film was selectively exposed to 4.56 C/cm2 of electron irradiation prior to the Fe growth. This region is enclosed by 

the dotted white line in (a). After a 0 = 7.1 ML room temperature deposition of Fe, most of the substrate surface is covered with 2 
nm diameter Fe islands. The region which had been irradiated before the Fe growth, however, is much more continuous than the 
surrounding area. A post-growth electron dose of 355 C/cmr (enclosed by the dashed, white line) greatly affected the Fe film 
morphology for regions that had not been irradiated before growth (B). Conversely, post-growth irradiation did not effect the Fe film 
morphology for areas which had been exposed to electron irradiation prior to the Fe growth (A). A lower magnification secondary 
electron image of (a) is shown in (b). Two complete regions of pre-growth irradiation are visible in (b). A step edge which runs 
nearly vertical can be seen to the left of the center-most irradiated region in (b). 
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\A       Ordering Transitions and Coupling in Two-Dimensional Arrays of Fe Islands 
(Refer lo Publications Listed in Section 1.7: References 21-23) 

Magnetic systems are ideal for studying interactions and phase transitions'. Clusters of 
ferromagnetic metal atoms transform from molecular states with atomic magnetic moments to bulk-like 
states with bulk moments as the number of atoms within a cluster increases2. Super-paramagnetic 
relaxation is exhibited when the individual exchange-coupled magnetic moments form a single 
fluctuating super-moment3. The local fields and relaxation times can be altered when moments are 
positioned in close proximity4. Ordered arrays of sub-micron ferromagnetic structures can be fabricated 
by electron-beam5 and scanning tunneling microscope6 based lithographies. We examined the magnetic 
properties7 of ultrathin Fe films grown on CaF2/Si( 111). This system is unique since the Fe nucleates 
into islands with a high density8 (8 x lO'W), and narrow size distribution, providing closely spaced 
two-dimensional arrays of nanometer sized particles. CaF2, with its 1! eV bandgap has no electronic 
states that are likely to couple to the Fermi-level spin-split states in the Fe. The radius and density of the 
Fe islands can be controlled experimentally; by varying these parameters we can see the onset of 
interparticle exchange coupling as well as transitions in magnetic ordering. The magnetic phases 
included two-dimensional ferromagnetism, weakly interacting superparamagnetism with two and three 
degrees of (magnetic) freedom, and spin-glass like (and antiferromagnetic) phases. This single physical 
system provided, as a function of island radius, a random long-range coupled Ising spin regime, a long- 
range coupled in-plane XY rotater regime, and a superferromagnetically ordered phase. 

Mean-field and Monte Carlo models were used to evaluate the magnetic properties as a function 
of particle radius and density. Although mean-field methods over estimate the transition temperature, 
and ignore fluctuations', trends can be examined straightforwardly. The Monte Carlo method, which 
rigorously accounts for fluctuations, uses the Metropolis et al." algorithm to determine the equilibrium 
magnetization distribution using the Hamiltonian defined below. Simulations were done with periodic 
boundary conditions, and 100 or 400 islands. Both models incorporate the experimental size distribution 
of Fe islands. The irregular actual island shape is approximated by a cylinder. This allows in-plane vs. 
out-of-plane shape anisotropies to be considered self-consistently. 

The mean-field self-energy written in terms of the island's radius a, and height L, is 

Ese]f = (2nM2
s)(na

2L)m2
z+(ml+m2

y-2m2
z)  ^-j-  sin2 x   K, 

'2a 
— x 
L / 

K, and I, are modified Bessel functions. When the value of the integral exceeds TI/6, the easy direction 
changes from in-plane to out-of-plane, i.e. when 2a/L < 1.3, or at experimental coverages of 3.3 and 6.7 
ML. When 2a/L < 1.3, the system behaves as a random, two-dimensional Ising array with long range 
interactions. This regime is like a long-range interaction Sherrington-Kirkpatrick10 (spin-glass) model. 
When 2a/L > 1.3, the moments are confined to lie in-plane, and the system is similar to a long-range 
interaction X-Y rotator model"14. The coupling energy is found from integrating the field due to the 
average magnetization <nij> of all the surface islands (density a cm'2) from the nearest neighbor radius, 

ann, to infinity. , .     ,      . 

Ecouplirs=M)(2a^ sinx K(-fLxJI(TX
/ 

The order parameter determined from numerical integration'2 of the partition-function is a function of 
temperature and the externally applied field. In the absence of fluctuations, in-plane dipolar 
ferromagnetism13 is possible at room temperature when a=3.3 nm. A transition temperature of about 300 
K exists when a=2.2 nm. When Monte Carlo methods are employed, the transition temperature is 
reduced by a factor of two, and the ordering is local14, rather than global115 with non-zero magnetization 
correlated over length scales on the order of 100 nm. These high transition temperatures result from the 
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altered length scales of this system over that of one whose moments are individual Fe moments. Each 
superparamagnetic moment is spatially extended"' (rather than a point dipole), composed of 
approximately 10

3
HB, and spaced by nm. A two-dimensional ordered lattice of Fe point dipoles (2.2^1») 

experiencing equivalent nearest-neighbor fields would need to be spaced by several hundreths of a nm. 
The Monte Carlo method includes fluctuations. The dipolar coupling energy is summed over all 

pairs of islands on the surface. Dipolar coupled random arrays which have high enough transition 
temperatures to support room temperature dipolar ferromagnetism possess fluctuations which destroy 
long range order. The order parameter for local structure resulting from the Monte-Carlo calculation is 
shown in Fig. 1.4.1. To explain the observed room temperature ferromagnetism8 either exchange or 
anisotropy is required. Since there is no easy axis4, exchange must be responsible for the long range 
order. When nearest neighbor exchange, 

X   J^Vm). .(HVm). =2^.1!). • Hj 
Nfcigfrbure i*j 

is included in the hamiltonian, exchange fields on the order of 100-250 Oe are sufficient to order the 
a=3.3 nm islands ferromagnetically. This coupling field is insufficient to ferromagnetically order the 
a=2.2 nm islands. These fields correspond to interisland exchange coefficients of J/J |.e.bl,|k=0.013-0.033. 
A superferromagnetic exchange coupling between the supermoments is a plausable source for the 
observed ferromagnetic ordering in two dimensions4as a function of particle size 

Superparamagnetism1718 is distinguished from paramagnetism by the magnitude of the magnetic 
moment. When superparamagnetic moments are brought close together, exchange interactions can 
couple neighboring moments; this interaction leads to long range order, hence the nomenclature of 
superferromagnetism.19 Superparamagnetism and superferromagnetism were observed in high density 
two-dimensional arrays of nanometer-sized Fe islands on CaF2/Si( 111 ).20 We reported on enhanced two- 
dimensional superparamagnetism for Ag/Fe/CaF2/Si( 111). The magnetic signature of this system is 
mediated through long-range exchange between individual superparamagnetic Fe islands within larger, 
several nanometer-diameter Ag islands. 

The Fe(3.3 ML)/CaF2/Si(l 11) (1 ML = 1.73xl015 atom/cm2 2I) system is unusual since the Fe 
atoms nucleate and form a high-density (8 x 1012 islands/cm2), two-dimensional array of nanometer-sized 
islands characterized by an extremely narrow size distribution (0.95 nm in radius, and 85% of the islands 
fall within ± 0.48 nm of this radius).20 

Monte Carlo models were used to compute the in-plane normalized magnetization at H = 1 kOe 
for this two dimensional array. M/Ms= 0.084 ± 0.002. The normalized magnetization at H = 1 kOe, 
evaluated with the Langevin function for the average size Fe island, is 0.074. This illustrates the effects 
of interactions in this closely-spaced array. For example, when the density of Fe particles is reduced by a 
factor of 10, the calculated normalized magnetization at H = 1 kOe is 0.074 ± 0.003, in agreement with 
predictions based upon the (uncoupled) Langevin function. 

When Kerr signals were obtained from Ag/Fe(3.3ML)/CaF2/Si(l 11) surfaces, the measured 
magnetic signal contained contributions from both Ag-covered and uncovered Fe islands. In order to 
recover the magnitude of the superparamagnetic response of Ag-covered Fe islands, the background from 
the uncovered Fe islands were subtracted from the total Kerr signal. In this fashion, the low-field 
susceptibility (x=Nm2/3kBT) was used to compare the effective normalized moment (|i covered/ H single = (X 
C(weredNsingie/ XsingicNcovered)"2) for each surface. A plot of the normalized moment in Fig. 1.4.2 displays an 
increasing in-plane effective moment as a function of the average number of Fe islands per average Ag 
island, including corrections for the changing optical scattering coefficients22. Such corrections were 
necessary since the Kerr signal diminishes with increasing Ag coverage due to increased reflectivity at 
the top Ag surface. 

If the Ag did not mediate the magnetic exchange between Fe islands enclosed within a Ag island, 
the low-field susceptibility would have been identical for all surfaces (once the background subtraction 
and optical scattering corrections are made). Only the longitudinal Kerr intensity increased with the 
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number of Fe islands covered by Ag, while the polar Kerr intensity remained virtually unchanged. This 
signifies that the Ag atoms do help correlate the in-plane magnetic moments between individual Fe 
islands contained within a single Ag island. The lack of an increasing out-of-plane signal suggests that 
the Ag atoms induce an in-plane (surface) anisotropy which favors in-plane magnetic alignment." 

Our Monte Carlo model was used to assess the strength of the Fe inter-island coupling within 
each Ag island. The susceptibility was computed for a given applied field and a variable 
phenomenological inter-island exchange field. The response of the uncovered islands was subtracted, 
and the ratio of the moment of a cluster of Fe islands covered by Ag to that of a single Fe island moment 
was computed. Each (initial) configuration contributed to a family of curves whose asymptotic value of 
the normalized moment plotted vs the interisland coupling constant approached the number of islands 
covered by a single Ag island when J/J(Fe) is large. The coupling of the individual Fe islands through 
the Ae overlayer was detected unambiguously through the enhancement in the low-field susceptibility. 
The sFze of the coupling field required to produce the observed change in susceptibility is estimated to be 
on the order of 5000 Oe (J/JFc=0.25) using Monte Carlo simulations. 
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Fig. 1.4.1 : Local order derived from Monte Carlo calculations indicate that the transition temperature is a function of particle radius. 
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Fig. 1.4.2 : Normalized effective moment of Fe islands covered by a single Ag island as a function of the number of islands covered 
within that single Ag island. The abscissa of one corresponds to the uncovered (Ag) surface. 
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1.5       Electron Holography of Thin Films. Superlattices and Small Particles 
(Refer to Publications Listed in Section 1.7 : References 1.9,10,11.14,15.17.18 and Conference Proceedings 1-6.8-10) 

Various modes of Lorentz microscopy, reveal the in-plane component of magnetization as well as 
the local (microcrystalline) microstructure. However, electron holography, where both the amplitude and 
phase of the transmitted electron waves are recorded is the method of choice for analysis of magnetic 
structure at nanometer length scales since the phase shift in the specimen contains valuable quantitative 
micromagnetic information that can be straightforwardly retrieved from the electron hologram . Electron 
holography with its absolutely calibrated electron interference fringe spacing and high spatial resolution is 
an absolute means of measuring in-plane magnetization in thin magnetic films, with a sensitivity that 
surpasses the most sensitive SQUID magnetometer by many orders of magnitude. This feature 
significantly expands the abilities of STEM as a tool for investigating magnetic materials. 

We have implemented two important modes of STEM holography. In the absolute mode, well- 
known from TEM holography, one of the waves passes through vacuum and the other through the 
specimen and the phase difference is measured with respect to vacuum. In a domain with uniform 
magnetization located at a sharply defined edge, the phase will change linearly with increasing distance 
from the edge as the enclosed flux increases. The gradient of the phase will absolutely determine the 
magnitude and direction of the magnetization in the domain if the thickness is known. The differential 
point projection (DPP) mode of electron holography is particularly well-suited for the STEM 
configuration. Both of the split electron waves pass through the specimen. These two virtual sources are 
separated by a very small distance when projected onto the sample, typically several tens of nm. This 
separation can be varied not only by changing the voltage applied to the biprism, but also by simply 
changing the excitation of the condensor and/or objective lenses. The size of the illuminated area which 
contributes to the phase difference (through the magnetic flux), is approximately constant for every point 
in the detector plane (illumination is almost parallel). The sensitivity to local changes in the phase is 
limited in this mode by the separation of the virtual sources. Our method uses a biprism near the gun 
which splits the STEM probe into two stationary probes. As in Young's pin-hole experiment, (since these 
probes are coherent) the two sources interfere to produce the required carrier fringes for holography. The 
probe is not scanned, so a shadow image is seen on the detector, crossed by the carrier fringes. The 
fringes are locally shifted by an amount proportional to the magnetic flux enclosed by the two 
independent beam paths. Using standard methods of Fourier image processing, a holographic 
reconstruction can be made to give a map of magnetic field B (projected in the beam direction). 

We explored the micromagnetic structure of giant magnetoresistance superlattice structures to 
clarify the role of intralayer and interlayer electron scattering processes in the giant magnetoresistance 
effect in superlattices with interfaces of varying degree of perfection. We used electron holographic 
methods to quantitatively determine the orientation of domains in a superlattice, with an eye towards 
identifying whether or not domains penetrate through the ferromagnetic layers. Measurements on 
[Co(tCo)/Cu(tCu)]n multilayers prepared by molecular beam epitaxy indicate that the giant 
magnetoresistance effect is correlated with the formation of domains oriented at 90 degrees with respect 
to the field direction in systems with rough interfaces.) as shown in section 1.2. We were able to 
determine with electron holography that most of the domains 'structures' penetrate the sandwich. Since 
the magnetization was measured with an accuracy of 1% and spatially mapped, it was straightforward to 
observe that most of the domains penetrated the superlattice were uniformly (ferromagnetically) aligned. 
However, some domains had a reduced magnetization (10% less) when compared with the uniformly 
magnetized domain value. This indicated that the magnetization in one of the layers (10% of the active 
thickness) had rotated by 90 degrees with respect to the magnetization in the other layers. This 
information is not obtainable by any other technique. Other measurements of this type include 
quantitative micromagnetic structure of domains and domain walls in thin films, and the magnetic 
structure in small particles and MFM tips. 
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1.6       Magnetometrv of Superlattices Using Surface Magneto-Optic Kerr Effect 
(Refer U> Publications Listed in Section 1.7 : References 4.19) 

As ultrathin film systems become more sophisticated through the production of complex 
multilayered specimens, it becomes increasingly important to be able to predict and analyze the magneto- 
optical properties for these systems. A computational technique useful in performing this task must not 
only handle the phase changes upon scattering from well-defined boundaries, but also account for the 
mode coupling which occurs between interfaces of anisotropic media. When an optical technique, such 
as SMOKE, is used to probe the magnetic properties of a surface, the anisotropy of the magnetic film 
manifests itself as a change in the polarization state of the reflected light relative to that of the incident 
polarization. Calculations to determine the polarization rotation for a simple magnetic metal on non- 
magnetic metal system are tractable enough that a computer is not typically necessary. However, for 
systems which arbitrarily combine one or more metals (magnetic and/or non-magnetic) with dielectric 
multilayers, the utility of a more complete optical description is obvious. 

Several approaches have been outlined to computate the Fresnel reflection and transmission 
coefficients for layered media. In the simplest theoretical formalism multiple reflections are not taken 
into consideration and, hence, such a method is not reliable for multilayered thin-film systems.1 Other 
techniques have accounted for multiple reflections at the layered interfaces, however, versatility was 
lacking for arbitrary incidence angles, the type of layered material which could be modeled, or the order 
in which the material could be arranged (i.e., some models require bounding by dielectrics only). " 

We developed an alternative approach to calculating the effects of magneto-optic scattering for 
even the most general of optical systems. The parameters necessary to facilitate the computations are; 
(1) the angle of incidence, (2) the frequency of the probing laser, (3) the thickness of each film, (4) the 
complex indices of refraction for each material at the desired laser wavelength, and (5) the Voight 
coefficient for the magneto-optic media. The maximum number of individual layers is limited only by 
the precision of the machine arithmetic. Magneto-optic effects can be determined as a function of the 
incidence angle, laser frequency, individual film thickness, as well as film composition. 

This 4x4 matrix method is based upon a general theory of electromagnetic propagation in 
periodic stratified media set forth by Yeh et. al.4 The logical extension was to incorporate magnetic 
media so that the complex Fresnel reflection and transmission coefficients could be calculated for an 
arbitrary arrangement and number of magnetic, non-magnetic, and dielectric layers.5 The reflection (or 
transmission) coefficients can then be inserted into an intensity equation which describes the optical 
components of the desired system. Relative sensitivities are easily obtainable which interrelate the three 
Kerr geometries (polar, longitudinal, and transverse) as well as the two most common modulated 
intensity measurement modes. The intensity equation is relevant to magneto-optic Kerr effect 
measurements using (I) a polarized laser, (2) a photo-elastic modulator, (3) a reflective specimen, (4) an 
analyzing polarizer, and (5) a photo-diode connected to a lock-in amplifier (such as used in our 
laboratory), but may be suitably adjusted to incorporate a myriad of possible optical configurations. 

A computer code based on Yen's method has been implemented and tested. The theory serves as 
an integral component in the computation of coupling between nanometer diameter islands, the analysis 
of switching in magnetic multilayers, and it has been used in collaboration with researchers at Stanford to 
compute the reflectivities of x-ray mirrors. 
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3 Correlations Between Ultrathin Film Microstructure and Magnetic Properties in Epitaxial Films 
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2 Field Induced Metastable States in Ultrathin Films of fee Fe/Cu( 100), G.G. Hembree, J.S. 
Drucker, S. Healy, K. Heim, Z. Yang, M.R. Scheinfein, Appl. Phys. Lett. 64(8), 1036 (1993). 

1 Scanning Transmission Electron Microscopy of Thin Magnetic Films, M. Mankos, J.M. Cowley, 
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9 Quantitative Micromagnetics: Electron Holography of Magnetic Thin Films and Multilayers, 
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6 STEM Holography: Quantitative Characterization of Magnetic Microstructure at Nanometer 
Spatial Resolution, M. Mankos, M.R. Scheinfein, J.M. Cowley, Proc. of the Internatinal 
Workshop on Electron Holography, Oak Ridge National Laboratory, 28-31 August 1994, p. 8.3 
(1994). 

5 STEM Holography of Small Metal Particles, M. Mankos, G. Matteucci, M.R. Scheinfein, J.M. 
Cowley, Proceedings of ICEM-13, Paris, France, 17-22 July 1994, p. 1179. 

4 Quantitative Investigations of Magnetic Microstructure: Electron Holography in a Scanning 
Transmission Electron Microscope, M. Mankos, Z.J. Yang, M.R. Scheinfein, J.M. Cowley, 
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Francisco Press, San Francisco, CA 1993) p. 5. 
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Ph.D. Kevin Heim 
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Ph.D. Zhijun Yang 

M.S. Sean Healy 

Graduation Date Current Employment 
December 1994 Jet Propulsion Laboratory, California 

Institute of Technology, Staff Scientist 
December 1994 IBM Thomas J. Watson Research 

Center, Post Doctoral Associate 
December 1994 Seagate Magnetics, Minneapolis, MN, 

Senior Development Engineer 
May 1994 M.S. Program, Computer Science and 

Engineering, Arizona State University 

19 



2.0 Continuing Research Program 

Continuation of the current effort will be oriented along the same lines of inquiry established 
during the previous grant period. We outline below, and in the next section, specific projects to be 
carried out during the continuation of the grant period. We note that the original proposal provided 
resources for two students and one third of a post doctoral associate, or three students. This continuation 
proposal will support two students (we have separate support for a third student under the AASERT 
program, see section 6.0). The scope of this renewal proposal's continuing research goals reflects the 
fact that there will only be two students associated with the grant. 

2.1 Effects on Anisotropv of Rough Interfaces Due to Site Exchange In Metal-Metal Epitaxy 

Interface roughness in Co/Cu giant magnetoresistance superlattices plays an important role in 
determining the equilibrium magnetization orientation, the orientation during switching, and the 
magneto-resistance. As in many metal-metal epitaxy systems, the mobility of the evaporant and surface 
substrate atoms during the growth process greatly affects the magnetic and magnetoconductance 
properties. Although no complete theory for giant magnetoresistance exists1, it is generally accepted that 
electron scattering at the interfaces of the Co/Cu and in the bulk Co have some spin dependent character. 
Evidence for the importance of the non-magnetic- ferromagnetic interface exists2,3. It is generally 
thought that increased roughness decreases the GMR4,5, with the length scale of the roughness playing a 
more minor role. Complicated domain structure has been observed for fee Co/Cu(100)  and hep 
Co/Au(l 11)7 using scanning electron microscopy with polarization analysis (SEMPA) with easy axes 
seen in Co/Cu(100) along <110> directions. Suseptibility measurements8 on vicinal surfaces, and 
anisotropy measurements9 as a function of micsut angle and temperature all indicate magnetic orientation 
effects arising from structure, as well as roughness10. 

We will complete our studies of Co/Cu(100) single bulk crystals in our UHV-STEM. This 
system is ideally equipped to evaluate whether: the Co grows initially as islands; the Co grows initially 
in bilayers; the Cu acts as a surfactant during the growth process, and how this affects the interface 
morphology and the resulting magnetic properties. Our initial magnetic studies of room temperature 
grown fee Co/Cu(100) indicate unusual magnetic behavior near the onset of ferromagnetism near 1.5 
ML. In Figs. 2.2.2 and 2.2.2, two examples of Co films on Cu(100) near the ferromagnetic transition are 
shown. Both films show rectangular vacancy islands" which follow crystallographic axes. These are 
possible sources for Cu migration. The difference in polar coercive field appears to be related to film 
roughness and/or sample history. The 1.5 ML film is much rougher due to incomplete Co removal or 
intermixing during previous sputter/anneal cycles. Further studies will be oriented towards clarifying 
these issues. 
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Fig. 2.1.1 :1.5 ML of room temperature grown Co/Cu(100) show the surface morphology, the Auger electron spectrum, and the 
longitudinal and polar Kerr signals. 
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Fig. 2.1.2 :1.8 ML of room temperature grown Co/Cu(100) show the surface morphology, the Auger electron spectrum, and the 
longitudinal and polar Kerr signals. 
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2.2       Epitaxy on Electron Beam Sensitive Inorganic Halide Resists on Si Substrates 

The epitaxial growth of nanopatterned ferromagnets on an insulating substrate will provide an 
ideal test structure to examine coupling interactions at mesoscopic length scales. Our preliminary work 
on this topic was briefly summarized in sections 1.3 and 1.4 above. In those studies we observed unusual 
coupling between closely spaced, mesoscopic sized ferromagnets, coupling between superparamagnetic 
moments through noble metal overlayers, evidence for long range dipolar interactions between arrays of 
closely spaced particles, selective nucleation and growth on electron beam damaged regions, and 
unusually short diffusion lengths on surfaces of inorganic halides. 

The success of nanopattern definition through electron beam irradiation and selective epitaxy 
relies on increasing the diffusion length on the surface to a length scale on the order of the pattern 
spacing. The nucleation density of Fe/CaF2/Si(l 11) was about 8 x 1012/cm2, unusually high. This 
indicates that there is a nucleation event for a single adatom on roughly one of every 100 atomic surface 
sites, and a spacing of nucleation sites on the surface on the order of 2 nm. Our efforts at pattern 
definition were initially aimed at fabricating structures on the order of 10 nm since thermal effects 
destabilize the magnetization in the 2 nm regime. Although the unique cause of the extremely high, 
temperature independent nucleation density is not known, we postulate that either site defects, or 
chemical reactivity is responsible. We are currently 

Fig. 2.2.1 : (LEFT COLUMN OF FIGURES) 3 ML Co on CaF/Si011) showing the initial island density and the superferromagnetic 
regime. Hysteresis loops were taken using the Surface Magneto Optic Kerr Effect (SMOKE). 
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Fig. 2.2.2 : (RIGHT COLUMN OF FIGURES) 15 ML Co on CaF/Si(111) showing the initial island density and the transition to the 
ferromagnetic regime. Hysteresis loops were taken using the Surface Magneto Optic Kerr Effect (SMOKE). 
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exploring nucleation and growth models to further analyze our data. If chemical reactivity (chemical 
compound formation with fluorine) is responsible, we should be able to increase the diffusion lengths by 
moving rightward on the period table, or selecting a chlorine based halide insulator. We have made 
initial studies on the deposition of Co/CaF2/Si(l 11) in order to test this line of inquiry which are shown 
in Figs. 2.2.1 and 2.2.2 (previous page) for 3 ML and 15 ML of Co deposited on CaF2/Si(l 11). The 
magnetic properties are similar to the Fe/CaF2/Si(l 11) system with subtle differences arising from the 
increased (as expected) island spacing in this system. We summarize the differences between the island 
density, coverage and island size for Co/CaF2/Si(l 11) and Fe/CaF2/Si(l 11) in Fig. 2.2.3 below. The 
trends indicate that we are moving in the right direction. 

We plan to continue to increase the diffusion lengths in the transition metal on CaF2/Si(l 11) 
system. Additional studies will utilize other inorganic halide insulators as substrates. Although we have 
not stressed the magnetoconductance properties of heterogeneous GMR structure, all of these systems are 
excellent candidates for 2-D GMR. Our initial efforts at passivation with Ag were unsuccessful. The 
next grant period will see other alternatives explored for (conducting) passivation layers including Cu, or 
perhaps Au. The GMR measurements will be conducted ex situ in a high field EPR magnet. 
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Fig. 2.2.3: Comparison of island statistics of Co/CaF/Si(111) with previous work done on Fe/CaF/SiO11). The transition to the 
ferromagnetic regime occurs at about the same coverage for both systems (-14ML). At low coverage, Co forms islands that are 
more widely separated. This may be due to higher mobility, less reactivity, or fewer pinning sites. 
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2.3        Self-Organization: Anisotropy at Step Edges and Two-Dimensional Magnetoresistance 

Our experience with two dimensional arrays of closely spaced ferromagnetic particles (section 
1.3 and 1.4 above) indicates that long range order can be achieved with uniaxial anisotropy or 
superferromagnetic coupling. This makes such arrays ideal candidates for 2-D heterogeneous GMR 
structures. The usually high GMR values obtainable with heterogeneous 3-D systems may be greatly 
enhanced in ordered 2-D systems, especially if the magnetic order can be arranged antiferromagnetically 
rather than superparamagnetically. The high saturation fields typical in heterogeneous alloy GMR 
devices prevents taking full advantage of the unusually high GMR values for applications in sensors, 
heads and memory elements. However, with suitably small anisotropy, long range anti-ferromagnetic 
ordering between lines of particles is possible. In order to exploit such as system as a 2-D GMR device, 
the lines (or linear array of particles) must be spaced by several nm along well oriented directions, have 
small enough anisotropy such that switching fields are low, yet large enough anisotropy to stabilize a 
particle array against thermal fluctuations. We propose to explore several different systems in an attempt 
to realize such an arrangement. 

The simplest way to achieve such structures is through self-organization (or smart materials) 
since no overhead need be paid in time for 'creating' the structures (at such high island densities, the 
overhead for repeatedly and accurately writing macroscopic arrays of structures can become daunting in 
a research environment). Our earlier work on Fe/CaF2/Si(l 11) indicated some preferential nucleation at 
step edges. However, since the nucleation density was so high, little, if any line formation occurred. 
Initial experiments will involve epitaxy on highly miscut insulating surfaces in the ferro- 
magnetic/insulating inorganic halide system with suitably long surface diffusion lengths (see section 2.2). 

A second approach will utilize directional evaporation on highly misoriented and miscut 
surfaces. The preliminary work on this system will be done by Dr. Akira Sugarawa, a self-supporting, 
visiting Post Doctoral Fellow from Tokyo Institute of Technology. We will utilize step band terraces on 
NaCl (110) surfaces as the template and perform shadow evaporation to form lines. The spacing 
between, and depth of the troughs can be modified through high temperature annealing. In this way, the 
aspect ratio of the structures can be manipulated. In this experiment, we want the evaporant to stick 
where It lands, hence the extremely short diffusion length for transition metals on CaF2 is now a salient 
feature. Since CaF2 grows readily on NaCl, a pre-evaporation of CaF2 may be necessary to define the 
desired structures. Initial experiments will occur off-line (not in the UHV STEM/SEM). Transmission 
electron microscope replicas will be fabricated for initial assessment of the epitaxial relationship between 
evaporant and substrate. Surface analysis will initially be performed ex situ in a commercial SEM. 

Once a satisfactory approach has been established offline, in situ experiments will be performed 
to closely characterize the physical, morphological, chemical and magnetic properties of the surfaces. 
Structures will be passivated with overcoats of CaF2, removed from the UHV ambient, and their 
magnetic properties examined with SQUID and magnetoresistance measurements. 
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2.4       UHV STM-SEM with Reflection Electron Energy Loss Spectroscopy 

In order to access atomic and intermediate length scales simultaneously for the studies cited 
above, we have designed and built a UHV STM-SEM system. This instrument has been built with cost 
share funds allocated by Arizona State University. The chamber was furnished through a grant from the 
Division of Materials Research at the National Science Foundation for the production and testing of point 
source electron emitters. One student will be completely dedicated to studies in this instrument. 

The performance of the in situ UHV-SEM has been optimized for low-voltage (surface 
sensitivity) and high current (spectroscopy and polarimetry). The predicted operating characteristics of 
the SEM are shown below in Fig. 2.4.1, with a schematic shown in Fig. 2.4.2. Three electron optical 
columns were built out of Ti in our mechanical instrument shop. Note that the working distance of the 
the gun is extremely long. This is a requirement in order for the SEM and STM to have simultaneous 
access to the surface. In this regime, chromatic aberrations dominate for all but the smallest apertures. 
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Fig. 2.4.1 : Electron optical properties of the in situ mini SEM for simultaneous STM-SEM-EELS operation, and later SEMPA. 

T       |    tid» | QwCNO l**l«H 

X 

l""l»'l | wpwovio" 

tf]_L 
.200       1.000      1.250 

T 

nrw   |omu<TifT| 

ASSEMBLY PARTS: 

1. Second Electroda 
2. First Electrode 
3. Aperture fling« 
4. Tip Bess Mount 
5. Tip Base Ring 
6. Electrode 1 & 2 Insulator 
7. Deflector Enocap Insulators 
8. Deflector Back 
9. Deflector (Sügmator) 
TO. Third Electrode/Ground Can 
11. Deflector Insulator 
12. Ground Cap 

HARDWARE REQUIRED (304 SS): 

1.50 2-56 1/4" fatheads 
2. 25 0-80 1/8' flatheadi 
3. 30 0-80 1/4" socket caps 
4. 20 0-80 3/8" socket caps 
5.10 0-80 1/2" socket caps 
6.20 0-80 3/8" set screw-alien key no head 

it possible : Screws snould have pump-hole 

PARTS LIST AHO 
DESCRIPTION 

Low Vortage SEM Assembly 

W*M*   M. Scheuten 

***°   June 30.1995     sc*tf   3:1 |wo*? 
ET 

|SKET 

Fig. 2.4.2 : Schematic of the high performance, long focal length, in situ SEM. It is only two inches long and two inches across. 



The layout configuration has been optimized for simultaneous scanning electron microscopy, 
scanning tunneling microscopy and reflection electron energy loss spectroscopy. The SEM detection is 
performed with a four quadrant anode coupled to a dual thin profile channel plate assembly. This will 
allow us to evaluate low voltage magnetic type II contrast as well as perform pure SEM. The channel 
plate has a hole in its center to allow the reflected beam to enter an electrostatic analyzer. Reflection 
electron energy loss spectroscopy of core edges is characterized by EXELS oscillations. These 
oscillations contained reflected partial waves from nieghboring atoms and allow, with some data 
analysis, for the nearest neighbor distances between atomic sites to be determined. This is very 
important when looking at surfaces since surface relaxation can greatly effect the magnetic properties. In 
addition, the characteristic loss peak gives chemical specificity to the structural determination such 
interface mixing can be examined on the length scale of the incident probe diameter. The layout of the 
system from the vantage point of the sample is shown in Fig. 2.4.3 below. We expect the instrument to 
be operational by the beginning of the continuation grant period. 

Fig. 2.4.3: The SEM is shown at right as seen from the vantage point behind the sample. The STM is in the center, and the EELS 
spectrometer is located at the far left. On the front of the EELS spectrometer extraction optics snout is the quadranted channel 

plate. 
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3J)       Spin Polarization Analysis in the UHV STM-SEM 

The principle of scanning electron microscopy with polazation is well known and shown schematically in 
Fig. 3.1. A beam of unpolarized electrons is scanned across a sample's surface. The polarized electrons excited 
from the surface of a ferromagnet can be collected by some collection electron optical column, and focused onto a 
spin polarimeter, which is usually a high Z target, such as Au, where a left-right asymmetry scattering gives the 
polarization. This technique, pioneered by the electron physics group at NIST is well known and documented. 

Both principal investigators on this grant worked with the electron physics group on SEMPA at NIST and 
are well suited to implement SEMPA at ASU. We intend to add a low-energy diffuse scattering electron-spin 
polarimeter to the UHV SEM-STM apparatus in year two of the continuation grant period. The complications in 
extraction electron optics, shown in Fig. 3.2 for our apparatus while at NIST can be greatly simplified with 
placement of the detector within the vacuum chamber. Our implementation will place the detector within the 
chamber necessitating only a single zoom lens for electon focusing, and a single deflection electode pair for descan. 
The technology for building the detector will mirror that implemented in the Brookhaven experiment, the 
schematic of which is shown in Fig. 3.3. 
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Fig. 3.1 A generic scanning electron microscopy with polarization analysis configuration requires and electron gun, extraction electron 
optics, and a spin-dependent scattering target, indicated here as a gold foil. (Extracted from Secheinfein et. al in Rev. Sei. Instrum. 
£1(10), 2501 (1990).) 
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Fig. 3.2 Transport optics required in a SEMPA system which houses the detector outside of the vacuum chamber are necessarily 
complicated in order to transport the low energy beam. This example is taken from the system that we implemented at NIST for the 
transport optics. Our system, will be in situ, and will be comprised of the detector and electrodes E,0 and E„ only. (Extracted from 
Secheinfein et. al in Rev. Sei. Instrum. £1(10), 2501 (1990).) 
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Fig. 3.3 Machine drawing of the spin-polarimeter that we will implement in our system. It is the same design that we built for the 
beamline at Brookhaven National Labs. ( Drawing from Bemie Wacklewski, formerly of the Electron Physics Group at NIST). See 
Johnson et. al. Rev. Sei. Instrum. £3(3), 1902 (1992). 

Our experiments using SEMPA will be undertaken on the systems described in sections 2.1-2.3 
with an eye towards utilizing the simulaneous magnetic-SEMPA, STM and SEM results to correlate 
physical microstructure with magnetic microstructure. 

28 



4.0       Biographies 
BIOGRAPHY OF MICHAEL R. SCHEINFEIN 

Citizenship: United States 
Birth Date: March 24,1958 
Education: 

Ph. D.     (1985) Applied and Engineering Physics, Cornell University, Ithaca, NY. 
M.S.        (1982) Applied and Engineering Physics, Cornell University, Ithaca, NY. 
B.S.        (1980) Electrical Engineering and Computer Science, MIT, Cambridge, MA. 

Professional Activities: 
American Physical Society, Materials Research Society, Microscopy Society of America. 

Experience: 
07/91 - Present      Associate Professor, Department of Physics and Astronomy, Arizona State University, Tempe, AZ. Tenure 

granted April 1995. 
10/90 - 07/91 Associate Research Scientist, Center for Solid State Science, Arizona State University, Tempe, AZ. 
08/87 - 09/90 Staff Physicist, Electron Physics Group, National Institute of Standards and Technology, Gaithersburg, MD. 

SCIENTIFIC PUBLICATIONS (1993-presenti 

Two-Dimensional Long-Range Coupling : Enhanced Superparamagnetism in Two-Dimensional Arrays of Nanometer Sized Fe 
Islands, M.R. Scheinfein, K.E. Schmidt, K.R. Heim, G.G. Hembree, Appl. Phys. Lett, (in press-1995). 

Long Range Order and Coupling in Two-Dimensional Arrays of Nanometer Size Superparamagnets, M.R. Scheinfein, K.E. 
Schmidt, K.R. Heim, G.G. Hembree, Phys. Rev. Lett, (submitted-1995). 

Magnetic and Structural Characterization of Ultrathin Fe Films on CaFj/Si011): Superparamagnetic and Ferromagnetic Behavior of 
Nanometer Sized Particles, K.R. Heim, G.G. Hembree and M.R. Scheinfein, J. Mag. Mag. Mat. (submitted -1995). 

Interfacial Roughness Effects on Giant Magnetoresistance and Interlayer Coupling in Co/Cu Superlattices, Z.J. Yang and M.R. 
Scheinfein, Phys. Rev. £52(6), 4263 (1995). 

An Alternative Approach For Magneto-Optic Calculations Involving Layered Media, K.R. Heim, M.R. Scheinfein, J. Mag. Mag. Mat. 
(in press-1995). 

Scanning Electron Microscopy With Polarization Analysis (SEMPA), J. Unguris, M.R. Scheinfein, M.H. Kelley, A. Gavrin, R.J. 
-"Celotta, D.T. Pierce, in Handbook of Electron Microscopy, edited by S. Amelinckx, D. Van Dyck, J.F. Van Landuyt, G. 

Van Tendeloo, (VCH Verlagsgesellschaft mbH, Weinheim, 1995). 

Absolute Magnetometry Using Electron Holography: Magnetic Superlattices and Small Particles, Marian Mankos, J.M. Cowley, 
M.R. Scheinfein, Material Reseach Society Bulletin, (in press-1995). 

Quantitative Micromagnetics: Electron Holography of Magnetic Thin Films and Multilayers, Marian Mankos, M.R. Scheinfein, J.M. 
Cowley, IEEE Trans. MAG (in press-1995). 

90° Domains and Coupling in Co/Cu Giant Magnetoresistance Superlattices, Z.J. Yang, M.R. Scheinfein, IEEE Trans. MM (in 
press-1995). 

Nanomagnetometry: Electron Holography of Small Particles, M. Mankos, J.M. Cowley, M.R. Scheinfein, IEEE Trans. MAS (in 

press-1995). 

Quantitative Micromagnetics at High Spatial Resolution Using Electron Holography, M. Mankos, J.M. Cowley, M.R. Scheinfein, 
phys. stat. sol.(a), (submitted-1995). 

Electron Holography of P-N Junctions, M.R. McCartney, B. Frost, R. Hull, M.R. Scheinfein, D.J.Smith, E. Voelkl, in Electron 
Holography. Delta Series, eds. A. Tonomura, L. Allanrd, G. Pozzi, D. Joy, Y. Ono, Elsevier Science BV, 189-198, (1995). 

STEM Holography of Magnetic Materials, M. Mankos, P. de Haan, V. Kambersky, G. Matteucci, M.R. McCartney, Z.J. Yang, M.R. 
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Elsevier Science BV, 329-341, (1995). 
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90° Domains in Co/Cu Giant Magnetoresistance Superlattice, Z.J. Yang, M.R. Scheinfein, Appl. Phys. Lett. 6£(2), 236 (1995). 
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Absolute Magnetometry of Thin Cobalt Films and Co/Cu Multilayer Structures at Nanometer Spatial Resolution, Marian. Mankos, 
Z.J. Yang, M.R. Scheinfein, J.M. Cowley, IEEE-Trans. MAG 30.(6), 4497 (1994). 
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Absolute Magnetometry At Nanometer Spatial Resolution : STEM Holography Of Thin Cobalt Films, M. Mankos, M.R. Scheinfein, 
J.M. Cowley, J. Appl. Phys. Z5(11) 7418 (1994). 

Ultra High Vacuum Scanning Electron Microscopy Characterization of the Growth of Fe on CaF/Sifl 11): Selective Nucleation on 
Electron-Beam Modified Surfaces, K.R. Heim, G.G. Hembree, M.R. Scheinfein, J. Appl. Phys. 76.(12), 8105 (1994). 

Structural and Magnetic Properties of Epitaxially Grown fee Fe/Cu(100) and Fe/CaF/Si(111), M.R. Scheinfein, S.D. Healy, K.R. 
Heim, Z.J Yang, J.S. Drucker, G.G. Hembree, Proc. Mat. Res. Soc. vol. 332, Determining Nanoscale Properties of 
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Surface Magnetization Processes Investigated by the Combined Surface Magneto-Optical Kerr Effects in fee Fe/Cu(100) Thin 
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The Initial Phases of Epitaxy of fee Fe/Cu(100): Supersurface and Subsurface Island Formation, S.D. Healy, K.R. Heim, Z.J. Yang, 
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Combined Three-Axis Surface Magneto-Optical Kerr Effects in the Study of Surface and Ultrathin Film Magnetism, Z.J. Yang, M.R. 
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Aberrations of Subnanometer Field Emission Electron Sources, M.R. Scheinfein, W. Qian, J.C.H. Spence, J. Appl. Phys. 72(5), 
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CONFERENCE PROCEEDINGS AND EXTENDED ABSTRACTS : SCIENTIFIC PUBLICATIONS (1993-present) 

Part of the article (39-40 and Fig. 6) in "Micromagnetic Microscopy and Modeling," E. Dan Dahlberg, J-G. Zhu, Physics Today, 
April, 34-40(1995). 

Differential Phase Contrast in TEM For Magnetic Microstructure Observation, P. Kruit, A.H. Buist, M.R. McCartney, M.R. 
Scheinfein, Proceedings of the 53rd. Annual Microscopy Society Of America (MSA), G. W. Bailey, Ed.,(San Francisco 
Press, San Francisco, CA 1995). 

Quantitative Micromagnetics: Electron Holography of Magnetic Thin Films and Multilayers, Marian Mankos, M.R. Scheinfein, J.M. 
Cowley lntermag-95 Digest, San Antonio, Texas, 19 April 1995. 

Nanomagnetometry: Electron Holography of Small Particles, M. Mankos, J.M. Cowley, M.R. Scheinfein, IEEE lntermag-95 Digest, 
lntermag-95,18-21 April, 1995, San Antonio, TX. 

90° Coupling in Co/Cu Giant Magnetoresistance Superlattices, Z.J. Yang, M.R. Scheinfein, IEEE lntermag-95 Digest, lntermag-95, 
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Holography of P-N Junction, M.R. McCartney, R. Hull, J.C. Bean, E. Voelkl, B. Frost, M.R. Scheinfein, D.J.Smith, Proc. of the 
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Paris, France, 17-22 July 1994, p. 1179. 
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Mankos, Z.J. Yang, M.R. Scheinfein, J.M. Cowley, Proceedings of ICEM-13, Paris, France, 17-22 July 1994, p. 317. 

SIMS Input Lens, R.L Gerlach, M.R. Scheinfein, G.A. Crow, M. Utlaut, C. Bickford, Proceedings of the International Journal of 
Optical Engineering, SPJE vol. 2024,149 (1993). 
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Brightness Measurements of Nanometer Sized Field Emission Tips, M.R. Scheinfein, W. Qian, J.C.H. Spence, Proceedings of the 
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Magnetic Force and Force Gradient Microscopy Utilizing An Ultra-Sensitive Vertical Cantilever Geometry, A. DiCarlo, M.R. 
Srheinfein. R.V. Chamberlin. Scanning Probe Microscopies II. ed. C. Williams, Proceedinqs SPIE-1855,187 (1993). 

GRADUATE STUDENT SUPERVISION 

Degrees:               Ph.D.      Kevin Heim December 1994 
Marian Mankos December 1994 
Zhijun Yang December 1994 

M.S.        Sean Healy May 1994 

Supervision:                         Doug Bradley June 1994- 

Steve Coyle June 1993- 
Dan Waters June 1995- 
Eugene Bullock June 1995- 
Dmitri Streblencko June 1995- 

Post-Docs:                           Zhijun Yang January 1995-June 1995 
Akira Sugarawa March 1995-    (Jointly with J. Venables and G. Hembree) 
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Surface Structure by Reflection Electron Diffraction". J. M. Cowley, Graduate Advisor. 
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metrology. D. A. Swyt, Post-doctoral Advisor. 
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magnetic and structural properties of thin films.   Diffraction enhanced low energy electron spectroscopy as a site- 

selective surface analysis technique 
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G. G. Hembree, Jeff Drucker, S. D. Healy, K. R. Heim, Z. J. Yang, and M. R. Scheinfein, "Field-induced metastable states in 
ultrathin films of fee Fe/Cu(100)", Appl. Phys. Lett. 64,1994,1036. 

Z J Yang S D Healy K R Heim, J. S. Drucker, G. G. Hembree and M. R. Scheinfein, "Surface Magnetization Processes 
investigated by the Combined Surface Magneto-Optical Kerr Effects in Fe/Cu(100) Thin Films", J. Appl. Phys. 75,1994, 

5589. 

S. D. Healy, K. R. Heim, Z. J. Yang, G. G. Hembree, J. S. Drucker and M. R. Scheinfein, "The Initial Phases of Epitaxy of fee 
Fe/Cu(100): Supersurface and Subsurface Island Formation", J. Appl. Phys. 75,1994,5592. 

K R Heim G G. Hembree and M. R. Scheinfein, "Ultra High Vacuum Scanning Electron Microscopy Characterization of the 
Growth of Fe on CaFo/Si(111): Selective Nucleation on Electron-Beam Modified Surfaces", J. Appl. Phys.76,1994, 8105. 

1994 -1995 Contributed Papers 

M R Scheinfein S D. Healy, K. R. Heim, Z. J. Yang, J. S. Drucker, G. G. Hembree, "Structural and Magnetic Properties of 
Epitaxially Grown FCC Fe/Cu(100) and Fe/CaF2/Si(111)", in Materials Research Society Symposium Proceedings, Vol. 
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332, Determining Nanoscale Properties of Materials by Microscopy and Spectroscopy, eds. M. Isaacson, M. Sarikaya, K. 
Wickramisinghe, 1994,473 (Invited paper). 

J, A. Venables, G. G. Hembree, J. Liu, C. J. Harland and M. Huang, "Advances in Auger Electron Spectroscopy and Imaging", in 
Proc. 13th Intl. Cong, on Electron Microscopy (Paris), 1994,759 (Invited paper). 

Li Yun, G. G. Hembree and J. A. Venables, "Quantitative Auger Analysis of Ge Surface Segregation in Si/Ge/Si(100) 
Heterostructures", Materials Research Society, Symposium D, Boston, December 1,1994. 

Selected Related Publications 

K. R. Heim, S. D. Healy, Z. J. Yang, J. S. Drucker, G. G. Hembree and M. R. Scheinfein, "Correlations between ultrathin film 
microstructure and magnetic properties for room temperature epitaxial films of fee Fe/Cu(100)", J. Appl. Phys. 74,1993, 
7422. 

G. G. Hembree and J. A. Venables, "Nanometer Resolution Scanning Auger Electron Microscopy", Ultramicroscopy 47,1992,109 
(Invited paper). 

J. Liu, G. G. Hembree, G. E. Spinnler and J. A. Venables, "High Resolution Auger Electron Spectroscopy and Microscopy of a 
Supported Metal Catalyst", Surface Science Letters 262,1992, L111. 

Jeff Drucker, Mohan Krishnamurthy and Gary Hembree, "Biassed secondary electron imaging of monatomic surface steps on 
vicinal Si(100) in a UHV STEM", Ultramicroscopy 35,1991,323. 

G. G. Hembree, J. S. Drucker, F. C. H. Luo, M. Krishnamurthy and J. A. Venables, "Auger Electron Spectroscopy and Microscopy 
With Probe-size Limited Resolution", Applied Physics Letters 58,1991,1890. 

G. G. Hembree, P. A. Crazier, J. S. Drucker, M. Krishnamurthy, J. A. Venables and J. M. Cowley, "Biassed Secondary Electron 
Imaging in a UHV-STEM", Ultramicroscopy 31,1989,111. 
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5.0       Budget and Budget Explanation 

BUDGET SUMMARY CONTINUATION OF ONR CONTRACT #N00014-93-0099 

Catagory Yearl Year 2 Year 3 Total 
1/1/96-9/30/96 10/1/96-9/30/97 10/1/97-9/30/98 1/1/96-9/30/98 

Summer Salary1 13,566 14,245 14,957 42,768 

Students Salary2 21,248 34,498 36,222 91,968 

Fringes 3 %3 4,028 4,596 4,826 13,450 

Salarv plus fringes 38,842 53,339 56,005 148,186 

Travel 4,500 4,500 4,500 13,500 

Materials-Supplies4 16,000 16,000 16,000 48,000 

Publications 3,000 3,000 3,000 9,000 

Direct (No Capital) 62,342 76,839 79,505 218,686 

Capital Equipment5 58,600 12,500 0 71,100 

Total Direct Costs 120,942 89,339 79,505 289,786 

Indirect Costs 52.5% 32,730 40,340 41,740 114,810 

Total Cost 153,672 129,679 121,245 404,596 

Carry Over6 <29,059> 
Total Funding Request 124,613 129,679 121,245 375,537 

'Summer salary for Prof. M. Scheinfein. Computation based on receiving promotion 4/1/96 (applied in summer 95). Monthly 
salary $6783.  First year salary inflated at the annual rate of 5%. 

'Salary computation : Two students, 50 % Academic year @ $11608 + 50% 3 mos.Summer @ $3870 + In-State Tuition @ 
$1950. First year salary inflated at the annual rate of 5%. 3 Students Total. 

"Fringes: Faculty @ 25%. Students @ 3%. 

'Materials and supplies includes $8,000/yr operating expense of the UHV-STEM micromagnetics facility. During the last grant 
period support for the operation of this instrument became our responsibility, and instead of paying $120.00/day for microscope 
use, we-support the instrument. This support includes pump rebuilds, new field emission tips, electron multipliers and all services 
assöciated'wfth the instrument. Other materials and supplies include $4,000/yr machine shop charges for microscope 
repair, $3,000/yr UHV components (replacement) and $1,000/yr for phone and xerox charges. 

'Capital equipment includes : yr. 1        $58,600;    yr. 2     $12,500 
(1) Lesker/VG UHV surface science stage which will allow extended heating and cooling ranges required to pursue experiments for 
in-situ installation in MIDAS (UHV-STEM).   $24000 
(2) Kerr light scattering aperatus for bench-top measurements. This system includes an intensity stabilized He-Ne laser ($4200), 
two Glan-Thompson crystal polarizers ($1400), photo-elastic modulator ($5100), photoconductive diode detector and amplifier 
($1400), phase sensitive lock-in amplifier ($4500), bipolar regulated current supply ($3000), data-l/O card ($1500) and PC 
computer ($4000).   $25100 
(3) UHV components to build 2-inorganic halide evaporator Knudsen cells of our design ($6000). 
(4) Cryoshield for evaporators in MIDAS ($3500). 
(5) Resources for building electron spin-polarimeter in year two ($12,500) 

tarry Over from previous grant period : $29,059 Personnel $18,500 
Fringes (3%) 
Overhead(52.5%) 

$    555 
$10,004 
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6.0       Current and Pending Support 
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Current: 

"Correlations Between Micromagnetic, Microstructural and Microchemical Properties in 
Ultrathin Epitaxial Magnetic Structures," M.R. Scheinfein, J.S. Drucker, G.G. Hembree. Office 
of Naval Research, Physics Division. $510,280. Duration 36 months. Start date, January 1, 
1993.N00014-93-1-0099. 

"A Proposal to Develop the Nanodetector: A High Resolution Photo-Electron Electron Microscope", 
M.R. Scheinfein, R. Watts, T. Lucatorto, F. Pollack, Collaborative Research Grants of the National 
Institute of Standards and Technology, US Department of Commerce. $85,242. Duration 12 months. 
Start date, October 1, 1993. NIST-70NANB4H1532. 

"Magnetic Microstructure Observed With Electron Holography in STEM," M.R. Scheinfein. 
The Tri-Services AASERT Program. Requested $115,440. Duration 36 months. Start Date 1 
June 1995. 
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"A Low Energy Electron Microscope," J.D. Dow, E. Bauer, G.G. Hembree, W.E. Packard, M.R. 
Scheinfein, O.F. Sankey, D.J. Smith, J.C.H. Spence, I.S.T. Tsong, J.A. Venables. 
Instrumentation for Materials Research Division of the National Science Foundation. $577,500. 
Duration 24 months. Start date, July 1, 1991. DMR-91-12021. 

"Development of New Point Sources for Ions and Electrons," J.C.H. Spence and M.R. 
Scheinfein. Instrumentation for Materials Research Division of the National Science Foundation. 
$210,599. Duration 18 months. Start date, October 1, 1991. DMR-91-12550. 

Pending: 
"Dynamics of Mesoscopic Structures in Magnetic Materials," R.V. Chamberhn, M.R. 
Scheinfein, Division of Materials Research, National Science Foundation. Total grant request 
5288,600. Duration 3 years. Start Date, June 1, 1996. 

"Magnetic Memory Elements: Magnetic Simulations of Giant Magnetoresistance Structures," 
Advanced Research Defense Agency, (Through IBM Almaden), S.S.P. Parkin, J. Slonzcewski, 
M.R. Scheinfein, P. Levy, D.J. Smith, M. Salamon, J. Moodera, S. Conradson, W. Gallagher, M. 
Bhushan, G. Xiao, R. Scheuerlein, S.X. Wang, J. Kaufman, B.A. Jones. Total grant request 
$6,900,000. My part, $231,771. Duration 5 years. Start date 1 January 1996. 

"A Nanoscale Magnetometer/Magnetoresistive Sensor," G.G. Hembree, M.R. Scheinfein, The 
Jet Propulsion Laboratory. Total grant request $27,100. Duration 1 year. Start date 1 January 

1996. 
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ARIZONA STATE 
UNIVERSITY 

Department of Physics and Astronomy 
Tempe, Arizona 85287-1504 
(602)965-3561 

Michael R. Scheinfein 
Phone : (602) 965 - 9658 
FAX: (602) 965-7954 

Internet: Michael.Scheinfein@.asu.edu 

Date: 10 June 1998 

To: Dr. Larry Cooper 
Office of Naval Research 
Electronics Division Code 312 
800 N. Quincy Street 
Arlington, VA 22217-5660 
Phone (703) 696-4215 

Subject: ONR U N00014-93-0099 / ONR/AASERT U N00014-95-0891 

From: Michael R. Scheinfein 
Department of Physics and Astronomy 
Arizona State University 
PSF-470 Box-871504 
Tempe, AZ 85287-1504 
Phone (602) 965-9658 
FAX   (602)965-7954 
email   Michael.Scheinfein@asu.edu 

Dear Dr. Cooper: 
I have enclosed a summary of my research supported by ONR and ONR/AASERT funds. This 

summary is meant to bring you up to date on where we are, and where we would like to be heading. I have 
also enclosed a short white paper as I would like you to consider my grant for continuation for another 3 
year period. 

Dick and I had already discussed the continuation grant but I assume those discussions are irrelevant 
now that Dick has retired. I have two student who are essentially in the middle of their PhD dissertation research 
supported by ONR. I would very much like to keep them active on their current projects. My personal schedule 
is complicated by my plans to be on sabbatical this coming academic year. If it is at all possible, I would like to 
solidify plans for the continuation by the beginning of July. If I cannot secure ONR funds for the students, I may 
cancel my sabbatical and stay on site in order to secure new funds to support the students. If you need to contact 
an ASU sponsored project representative while I am away, let me refer you to Teresa Robinette at (602) 965- 
4935. She handles all of my research awards. 

I look forward to hearing back from you at your earliest convenience. Thanks and take care. 

Sincerely, 

Michael R Scheinfein 
Professor 


